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13.  AP^TR  'SCT 

The  development  of  techniques  to  enhance  diamond  heteronucU 
abrasive  ex  situ  surface  treatment  now  permits  researchers  to  study  diani 
cleation  (epitaxy)  at  growth  temperatures  far  below  the  thermal  desorp 
0.  At  these  temperatures,  surface  chemistry  on  the  nucleating  surfac 
trolled  by  chemical  exchange  and  abstraction  reactions.  This  fir  '  report 
important  results  achieved  during  1991  in  diamond  production  a  d  in  di 
chemistry.  Of  particular  interest  are  0  and  H  interactions  oi.  diamond 
and  the  development  of  water-based  processes  exclusive  of  mo'  i  ’ar  hyr 
quality  low  temperature  diamond  growth.  The  role  of  oxygen  a  bydro> 
increasing  illucidated  as  surface  chemistry  studies  show  the  pi.!,)ersitj 
minate  and  stabilize  1x1  surfaces  and  as  water-based  growth  proc  .-sses  p 
stabilization  and  growth  at  lower  and  lower  temperatures.  For  i>.*ke  ol 
publications  for  this  year  are  included  in  the  appendix  to  provide  *he  r 
TTsi  details. 
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=1.0  SUSmARYOPPROGIU^S 

This  is  the  final  report  for  1991  on  the  Semiconducting  Diamond-iTechnology  pro¬ 
gram  at  Research  Triangle  Institute.  The  report  highlights  accomplishments  jn  several 
areas  critical  to  the  development  of  semiconducting  diamond.  Research  Triangle  Insti¬ 
tute  during  the  course  of  the  current  program  has  developed  a  number  of  critical  dia- 
'inond  technologies  unique  to  the  community.  These  developments  now  provide 
Research  Triangle  Institute  a  unique  position  to-understand  diamond  surface  chemisr 
try  as  it  relates  to  heteronucleation;  growth,  and  epitaxy.  Those  developments 
include: 

(1)  Establishingian  integrated  processing  system  connecting  CVD,  MBE,  sub- 
,  strate  ejeaning,  and  surface  characterization  equipment  through  ultrahigh 

vacuum  transfer.  , 

(2)  Pioneering  work  in  halogen-based  diamond  growth  that  has  investigated 
thermal  fluorine-assisted  processes  and  plasma-assisted  H;/CE.i  processes. 

(3) ,  Establishing  two  alternative  gas-phase-induced  diamond  nucleation  tech¬ 

niques  involving  Hi/CF(  with  non-local  carbon  sources  arid  involving 
Hu/CII)  with  (local  carbon  sources. 

(•l)  Demonstrating. epitaxial  lateral  overgrowth  =on  natural  diamond  substrates 
and-limited  diamond' platelet  growth- on  Ni(10()). 

(5)  Identifying  using  temperature  programmed  thermal  desorption  important 
chemical  pathways  for  the  reactions  of  atomic  hydrogen  and  atomic  oxygen 


with  the  diamond  (IpO)  surface. 

(G)'  Finally,  pioneering,  water-based  processes  for  diamond  CNT)  wherein  no 
molecular  hydrogen  is  required  as  a  process  gas  for  the.  growth  of  higli  qual¬ 
ity  material.  In  this  technique,  water  vapor  H^O  replaces  molecular  Hj  as 
the  source  for  atomic  hydrogen  in  diamond 'C\T). 

Current  work  at  Research  Triangle  Institute  is  establishing  new  science  and  new 
technology  for  diamond. 

Mew  Science:  The  surface  chemistry  facility  using  thermal  mass  desorption  spec¬ 
troscopy  is  e.\ploring  atomic.H,  F,  Cl,  and  O  interactions  with  the  diamond  (100)  sur¬ 
face.  .Mready-in  the  study  of  atomic  H  interactions,  new  phenomena  are  being  docu¬ 
mented.  Atomic  hydrogen  saturates  the  (100)  2x1  surface  at  near  monolayer  coverages. 
Post-saturation  exposure  of  the  surface  to  atomic  hydrogen  docs  immediately  open 
the  surface  dimer  pair.  Rather,  it  appears  that  the  dimer  unit  back  bonds  are  suscep¬ 
tible  to  atomic  hydrogen,  attack  and  desorption.  /\s  these  2x1  surface  units  are 
desorbed,  the  surface  converts  toward  at  Ixl  surface.  The  1x1  post-saturated  surface 
shows  a  hydrogen  doublet  Ho  desorption  around  050 ‘C.  Prior' to  the  IL  desorption, 
the  post-saturated''lxl;H  surface  shows  methyl  desorptions  at  700’  C  below  the  hydro¬ 
gen  desorption  temperature.  The  methyl  desorption  is  a  considerable  fraction  of  the 
Ho  desorption,  thus, /is  an  appreciable  pathway  for  dehydrogenation  of  the  diamond 
surface. 
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In  contrast  to  tHis  work, .it- appears  that  atomic  O  dosing  of  the  diamond  (100) 
surface  r'eadily-converts  the  surface  structure  to  a  lXl  bulk-like  termination.  We  pos¬ 
tulate  that  the  atomic  oxygen  bridges  the  dimer  rows  so  as  to  break  the  dimer  bonds 
responsible  for  the  2X1  reconstructions.  Upon  annealing,  oxygen  desorbs  from  the  sur¬ 
face  as  CO  leaving  the  surface  denuded  and  for  teinperatures  less  than  900 ‘C 
unreconstructed.  Close  collaborations  with  Dr.  Michael  Frenklach  at  Pennsylvania 
State-University  are  beginning  to  give-insight  into  the  chemical  and  physical  processes 
at  the  diamond- surface.  A  copy  a  joint  papei-reccntly-submitted  to.  the  Journal  of 
Chemical  Vapor  Deposition  is  included  in  this  package. 

New  5cience-  Experimentation  with  mixed  hydrogen-fluorine  chemistries  for  the 
eVD  growth  of  diamond  have  lead  to' the  discovery  of  two-pathways  for  enhancing  the 
nucleation  of  diamond.  First,  Hj/CF^  plasmas  have  produced  dense  diamond  nuclea- 
tion  on  as-received  Si  substrates  when  the  graphite  surface  of  the  susceptor  was 
exposed  to  the  plasma.  Gasification  of  the  graphite  susceptor  in  the  presence  of  the 
Ho/CF^  plasma  produced  a  precureor  necessary  for  diamond  nucleation.  In  contrast, 
H2/CH4  plasmas  do  not  normally  produce  dense  nucleation  regardless  of  the  status  of 
the  graphite  susceptor.  It  was  discovered' that  the  nucleation  density  from  the  H^/CH, 
plasma  process  could  be  greatly  enhanced  by  placing  graphite  fibers  in  close  proximity 
to  the  substrate.  Dense  diamond  growth  local  to  the  region  of  contact  between  the 
fiber  and  tlfe  substrate  was  observed  on  Si,  Ni,  quartz,  and  spinel  substrates.  This 
suggests  that  a  precursor  species  is  formed  from  the  dissolution  of  the  graphite  fiber  in 
the  H2/CII1  plasma  that  Induces  nucleation  but  is  normally  converted  into  a  non- 
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nucleating  species  by  the  interactions  with  the  gaseous  boundary  layer  on  the  plasma. 

Both  experiments  show  that  dissolution  of  graphite  can  produce  speci^.capable  of 
inducing' diamond  nucleatjon.  Previous  experiments' with  non-nucleating  species  have 
been  unsucce^ful  in  producing  .2-dimensional  nucleation  on  non-diamond  substrates. 
As  a  consequence,  the  preliminary  problem  to  be  addressed  prior  to  heleroepitaxy  is  to 
develop  C\T)  techmqucs..which,  will  deposit  high  quality  diamond  without  nucleation 
barriere.  Once  .the  nucleation  barrier  is  eliminated,  then  issues  such  as  surface  cleanli¬ 
ness,  order,  lattice  match  become  critical  as  they  are  far  all  other  heteroepitaxial  sys¬ 
tems.  Determination  of  these  species  will  be  of  paramount  importance  for  the  develop¬ 
ment  of  diamond  heteroepitaxy. 

New  Technology:  One  impediment  to  the  commercialization  of  diamond  thin, 
films  is  the  costs,  and  hazards  of- the  molecular  hydrogen  required  in  almost  all  dia¬ 
mond  .pVD  systems.  In  other  systems  such  as  the  oxy-acetylene  torch  system  which 
does  not  require  molecular  hydrogen,  compressed,  explosive  gasses  are  used.  Research 
Triangle  InstitutcTias  discovered  and  is  applying  for  a  patent  on  a  diamond  growth 
process  which  does  npt  rely  on  compressed,  toxic,  flammable,  or  explosive  gasses.  Dia¬ 
mond  growth  has  been  demonstrated-using  low-pressure  rf-plasma  assisted  CVD  at  1.0 
Torr  with  gas  mixtures  of  water  vapor  and  alcohol.  Gas  vapors  are  pumped  from  a 
volumetric  mix  of  20%  methanol  or  20%  ethanol  or  20%  isopropanol  in  water.  No 
other  gas  sources  are  introduced;  The  system-requires  no  pressure  regulators,  no  mass 
flow  controlleis,  no  oyer-pressure  sensors,  no  explosion  containment.  Both  polycrystal¬ 
line  and  hoinoepitaxial  growths  have  been  demonstrated.  Given  the  economic  advan- 


tages  of  this  mixture;  this  discovery  should  provide^great  impetus  for  commercializa¬ 
tion  of  diamond  films. 

j\'ew  Science  and  Technology:  The  water-based  processes  have  been  extended  to 
even  lower  substrate  temperatures  through  the  addition  of  acetic  acid  to  the  water- 
alcohol  solutions.  The  presence  of  acetic  acid  giyes  the  plasma  g^  a  readily  ionizable 
molecule  permitting  magnetic  field  coupling  to  the  plasma  gas  to  be  obtained  at 
extremely  low  power  input..  The  presence  of  the  organic  acid  molecule  also  permits 
through  plasma  dissociation  the  presence  of  the  carboxyl  radical  in  the  gas  phase.  The 
COO-H  bond  strength  in  the  carboxyl  radical  is  extremely  low,  only  15  kcal/mol.  Thus, 
carboxyl  radicals  can  easily  donate  H  atoms  to  the  growth  surface.  Reduction  in  power 
input  permits  low  temperature  diamond  growth  to  proceed  in  the  rf  induction  plasma 
as  induction  currents  in  the  graphite  susceptor  are  reduced.  Currently,  diamond 
growth  at  temperatures  as  low  as  300  *C  has  been  demonstrated.  By  implementing  a 
cooling  stage  to  the  growth  reactor,  lower  temperature  growth  should  be  realized  dur¬ 
ing  the  next  quarter.  The  lower  temperature  technologically  permits  diamond  applica¬ 
tion  to  materials  which  heretofore  could  not  survive  the  temperature  extremes.  Scien¬ 
tifically,  the  growth  at  lower  and  lower  temperatures  will  undoubtedly  change  the 
misleation.  kinetics.  In  many  lattice  mismatched  systems,  growths  at  low  temperatures 
initially  is  one  means  by  which  planar  heteroepitaxial  films  can  be  obtained.  At  tem¬ 
peratures  much  lower  than  200  *C,  waUr  will  not  desorb  from  the  growth  surfaces. 
Under  those  conditions,  the  growth  chemistries  will  undoubtedly  undergo  remarkable 
change.  The  study  of  growth  nucleation  and  behavior  in  these  temperature  regimes 
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will  yield  profound'insighte  into  tfie  water-based  mechanisms.. 


Exciting  scientific  an^  technological  djscoyeries  were  made  at  RTI  during  the 
course  of. the  1991  year.  Exciting  new  growth  chemistries  and  new -knowledge  of  dia¬ 
mond  surface  che.nistry  permit  current  work  to  focus  on  heteroc^itaxy  with  teehnologt 
ical- tools  and.  intelligence  not  at  ones  disposal  a. year  ago.  These  tools  in  some  cases 
involve  deposition  technologies  wherein  the  diamond  nucleatipn  density  is  high 
■enough,  to  permit  in  situ  studies  of  nuclcation,  not.in  situ  studies  of  diamond  over- 
grojyth  from  nuoieation  sites.  These  tools  in  some-cases  involve  deposition  technologies 
whefeih-'the  temperature  can  be  significantly  reduced  below  thermal  desorption  tem¬ 
peratures.  The  surfaco  chemistry  now  will  be  controlled  by  chemical  extraction  and 
exchange.  These  tools  in  some  cases  involve  knowledge  that  surface  control  and  stabil¬ 
ization  with  hydrogen,  alone  under,  low  hydrogen  flux  conditions  (likely  to  promote  3- 
dimcnsional  nucleation)  will  have  to  be  stabilized  with  a  more  reactive  species  such  as 
0.  These  tools  in  some  cases  involve  the  knowledge  that  0  stabilization  is  accom¬ 
panied  by  etching  through,  CO'  desorption  at  temperatures  broadly  centered  about 


These.impbrtant  results  have  been  summarized  in  this  introduction.  For  the  sake 
of  completeness,,  publications  on  RTI  work  during  this  year  are  included  in  the  follow¬ 
ing,  sections.  Some  of  these  publications  appeared  in  earlier  quarterly  reports.  The 
more  recent  publications  appear  in  the  first  sections. 
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r\BSTRACT 

A  combination  of  theoretical  and  experimental  techniques  have  been  used  to 
study  atomic  hydrogen  adsorption  on  the  diamond  2x1  surface.  Low  energy  electron 
diffraction  (LEED)  has  been  used  to  study  the  effects  of  atomic  and  molecular  species 
of  hydrogen  on  the  reconstructed  2x1  surface.  Atomic  hydrogen  appears  relatively  inef¬ 
ficient  at  breaking  C-C  dimer  bonds  oh  the  (l00)-(2xl)  surface.  LEED  patterns  show 
only  slight  changes  even  after  exposure  of  the  surface  to  dOOOOL  of  H/Hj.  Under  simi¬ 
lar  conditions  a  silicon  2x1  surface  converts  to  the  1x1  phase  after  an  exposure  of  less 
than  COOL.  Calculations  using  modified  neglect  of-diatomic  overlap  (MNDO)  were  done 
for  two  atomic  hydrogen  insertion  reactions,  direct  attack  of  the  dimer  bond  and 
attack  of  the  back  bond;  Calculations  indicate  that  there  are  substantial  potential 
energy  barriers  to  both  reactions.  The  barrier  to  hydrogen  addition  on  the  dimer  bond 
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calculated, M  48.7  kcal/mol  as  comp^ed  to  76.1,kcal/mol'for  addition  to  the  dimer 
back  bond.  Based  on.experimental  and  thepretical  results’it  appears  that  exposure  of 

*  X 

the  C(100)-{2xl)  surface' to  atomic  hydrogen  at  25"  iC  does  not  readily  convert  the  sur¬ 
face  to’  the  1x1  state. 
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I.  INTRODUCTION 


Hydrogen  is  an  integral  constituent  in  many  cf  the  CAT)  diamond  growth 
processes  developed- to  datc.fl]  Hvdrogea  is  tbou^t  to  functiondn  the  gtoivth  process 
in  a  number  of  \rn\-s.  including  maintenance  of  sp^  hybridization  of  carbon  atoms  at 
the  grou-lh  surface.  In  spite  of  numerous  growth  studies,  the  details  of  the  role  of 
hydrogen  in  C\T>  growth  environments  are  still  unclear,  as  are  fundamental  questions 
concerning  interactions  of  this  gas  with  the  diamond  surface. 

.Although  similar  in  structure  to  the  silicon  (100)  surface,  the  diamond  (100)  sur¬ 
face  has  not  been  studied  nearly  as  intensively,  with  only  a  handful  of  c.vperimental 
studics[2,3.-l.o,G]  and  theoretical  5tudies|7,8,9,10,13]  published  to  date.  Important  ques¬ 
tions  remain  concerning  the  details  of  the  reconstruction  and  the  effect  of  adsorbates 
on  surface  structure.  M  with  silicon  (100),  the  diamond  (100)  surface  reconstructs  to  a 
3xl:l\2  dimer  configuration-upon  hc3Ung.|2,'l,C)  Due  to  the  higher  bond  strengths  in 
the  carbon  system  the  reconstruction  docs  not  occur  until  the  diamond  is  annealed  to 
approximately  lOOO'C,  as  compared  to  -l-aO'C  for  silicon.  Hydrogen  desorption  has 
been. found  to  occur  at  approximately  900 'C  for  a:  heating  rate  of  20"  C/s.  Adsorption 
of  atomic  hydrogen  has  been  reported  to  convert  the  surface  back  to  the  1x1  configura- 
tion.{2|  However,  subsequent  annealing  to  1200 'C  did  not  convert  the  surface  back  to 
the  2x1  connguration.[2|  Recently  published  theoretical  calculations  indicate  a  barrier 
of  3‘1.1  kcal/mol  for  the  insertion  of  hydrogen  into  the  C-C  dimer  bond.|l0]  From  these 
calculations  it  appears  difnciilt  to  form  the  dihydride  from  the  monohydride  by  the 
exposure  of  the  surface  to  atomic  hydrogen. 
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lo  the  present  paper  ve  have  used  LEED  and  MNDO  calculations  to  study  the 
efTects  of  atomic  and  molecular  species  of  hydrogen  on  the  recotstructed  2x1  surface. 
LEED  combined  with  UH\'  domng  with  atomic  hydrogen  was  chosen  in  order  to  reduce 
extraneous  surface  interactions.  Two  atomic  hydrogen  insertion  reactions  were  studied 
tnih<MNDO  calculations,  direct  attack  the  dimer  bond  and  attack  of  the  dimer 
back  bond.  The  attack  of  the  dimer  bond  simulates  the  conversion  of  the  surface  from 
2x1  to  Ixi.  Studies  of  hydrogen  attack  of  the  dimer  back  bond  were  stimulated  by 
recent  results  of  Boland  wherein  strained  silicon  back  bonds  on  the  reconstructed  sili¬ 
con  (7x7)  surface  tvcrc  found  susceptible  to  attack  by  atomic  hydrogen.|lSj 

11.  METHODS 

A.  Experimental 

Atomic  hydrogen  dosing  and  LEED  observations  were  performed  in  a  stainless 
steel  liHV  system.  Turbomolecular  pumps  were  used  both  on  the  main  chamber  and 
to' differentially  pump  the  chamber  housing  the  quadrupole  mass  spectrometer.  Base 
pressure  was  5x10”*®  Torr  for  the  sample  chamber  and  1x10”*®  Torr  for  the  quadru- 
pole  chamber.  LEED  observations  were  performed  with  a  Princeton  Research  Instru¬ 
ments  reverse  view  system. 

Sample  heating  was  accomplished  by  clipping  the  crystals  to  a  0.25mm  thick 
molybdenum  resistive  strip  heater.  All  parts  associated  with  the  heater  stage,  including 
the  clamps  and  current  leads  were  manufactured  from  molybdenum.  The  sample  tem¬ 
perature  was  measured  by  a  0.125mm  diameter  chromel/alumel  thermocouple  threaded 
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(brou^  a  laser  drilled  bole  in-tbe  diamond  and  held  in.  tension  against  tbe  ciystal. 
Sample  beating  ivas  controlled  by  feedback  from  the  thermocouple  which  adjusted  a 
SCR  power  supply.  After  an  initial  warm-up  phase.,  temperature  ramps  arc  linear  from 
approximatcl.v  150  *  C  to  over  1 100  "  C. 

Two  type  Ha  (100).  -ax-SxO.SSmm.  diamond  cij'stals  were  used  inithe  course  of  the 
present  study.  Other  than  thermal  cleaning,  no  technique  is  available  in  situ  for 
removing  surface  contamination  from  the  diamond  crt'stals.  Particular  attention  was 
therefore,  paid  to  preparing  the  diamond  surface  before  entry  into  the  vacuum  system. 
The  samples  arc  initially  band  polished  for  5  minutes  with  0.25//m  diamond  grit  and 
deionized  water  on  a  nylon  polishing  pad.  The  samples,  are  then  ultrasonically 
degreased  in  a  series  of  solvents,  trichloroethylene,  acetone,  methanol,  and  deionized 
water.  Following  the  deionized  water  rinse,  the  samples  are  swabbed  under  DI  water  to 
remove  particles.  The  samples  arc  rinsed  again  in  the  solvent  series  and  then  placed  in 
CrOj/HoSOi  (125 'C)  solution  for  20  minutes  to  remove  non-diamond  carbon.  The 
samples  are  rinsed  in  Dl  water  and  then  boiled  in  a  S:!  solution  of  HCI/HNO3  for  20 
minutes  to  remove  any  metals  contamination.  Finally  the  samples  are  rinsed  in  deion¬ 
ized  water  and  blow-dryed  with  compressed  nitrogen.  Samples  subjected  to  this  clean¬ 
ing  process- typically  show  a  good  quality  1x1  LEED  pattern  with  no  annealing.  For 
the  initial  thermal  cleaning  the  sample  was  ramped  up  in  temperature  at  approxi¬ 
mately  10*C/sec  until'thc  pressure  in  the  main  chamber  rose  to  5xl0~®  Torr  at  which 
point  the  power  was  shul-off  and  the  sample  cooled,  This  cycle  was  repeated  until  a 
maximum  temperature  of  1150*C  was  reached. 
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In  all  cases  atomic  hydrogen  was  generated  via  a  tungsten  filament  operating  at  a 
\  , 

temperature  of  approximately  1500 ‘C.  The  sample  was  positioned  approximately  2  cm. 
from  the  filament  during  dosing.  The  sample  was  not  actively  cooled  and  at  the  lowest 
dosing  pressures  remained  at  room  temperature.  No  attempt  was  made  to  quantify  the 
percentage  of  atomic  species  generated. by  the  filaments.  All  doses  arc  given  for  the 
total  Ho  exposure  from  uncorrected  ion  gauge  tube  readings.  X-ray  photoelectron  spec¬ 
troscopy  was  done  c.x-situ  after  extensive  dosing  with  the  tungsten  rilaihcnt  and  no  evi¬ 
dence  of  metal  contamination  was  seen. 

B.'Calculational 

The  energies  were  obtained,  as  in  the  previous  studies, [11,12.13]  using  the  MNDO 
all-valence  electron  parametrization  of  the  NDDO  SCF  approximalion.[l  lj  Calculations 
were  of  restricted  Hartrce-Fock  type  with  the  half-electron  method  being  used  for 
single-radical  specics.llSj  The  computations  were  performed  with  the  "AMPAC"  com¬ 
puter  program  developed  by  Dewar  and  co-workers;|l6]  they  were  carried  out  on  an 
lBM-30fl0/ COOS  main-frame  computer. 

The  "backgroiind"  (100)  surface  clement  was  represented  in  this  study  by  a 
CjsH^e  cluster  used  in  the  previous  sludy.|l3|  The  cluster,  shown  in  Fig.  1,  consists  of 
three  layers  of  carbon  atoms.  All  dangling  bonds  of  these  carbon  atoms  are  saturated 
with  hydrogen  atoms.  For  identification  purposes,  the  carbon  sites  of  the  first  two 
layers  arc  marked  with  letters  a,  b,  c,  and  din  Fig.  1.  The  central  Cj-Cj  carbon  site 
of  the  top  layer,  on  which  the  reaction  is  taking  place,  is  a  carbon  monohydride  dimer. 
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It  is  a  product  of  Hj  elimination  frcun  a  1x1  surface  dihydride,  CogH^s-  To  simulate  the 
rigidity  of  the  real  surface,  the  dihydride  carbons  of  the  top  layer  (CgandCj  atoms) 
were  fixed  at  the  positions  of  an  ideal  diamond  lattice  (with  distance  between  the  dihy¬ 
dride  carbons  of  2.53  A)  and  •  the  positions  of  the  rest  of  the  carbon  atoms  were 
obtained  b}'  full  minimization  of  the  total  potential  energy. 

III.  RESULTS 

A.  Experimental  Results 

Upon  annealing,  more  than  00%  of  the  freshly  polished  surfaces  used  in  the 
present  study  exhibited. a  transformation  from  the  1x1  configuration  to  the  2x1  confi¬ 
guration.  During  the  initial  annealing  sequence  the  samples  would  typically  show  indi¬ 
cations  of  the  2x1  structure  at  approximately  800' C,  with  the  transformation. com¬ 
pleted  by  1050 'C  on  successive  anneals.  No  correlations  were  observed  between  sam¬ 
ple  preparation  conditions  and  failure  of  the  surface  to  reconstruct. 

Figures  2  and  3  show  LEED  patterns  from  two  series  of  experiments  where  sam¬ 
ples  were  annealed,  to  convert  the  surface  to  the  2x1  state  and  then  exposed  to  atomic 
hydrogen.  The  first  ofllgures,  Fig.  2,  shows  a  sample  as  loaded  (Fig.  2a)  and  then 
before  (Fig.  2b‘)  and  after  (Fig.  2c)  exposure  to  H/H2  at  a  pressure  of  5x10“^  Torr  for 
30  miri.  There  is  perhaps  a  slight  diminishment  in  the  intensity  of  the  second  order 
spots‘but  tlk.2xl  pattern  is  still  quite  evident.  The  dose  used  represents  an  equivalent 
exposure  of-  40000L  where  TL  is  equivalent  to  IxlOf®  Torr-s.  In  contrast,  a  dose  of 
600L  under  identical  conditions -is  sufficient  to  convert  the  silicon  (100)  surface  from 
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the  2x1  state  back  to  the  Ixl- state.  We  note  again  that  doses  referred  to.  here  are  for  a 
totah  hydrogen  dose  of  molecular,  plus  atomic  hydrogen.  The  dose  is  calculated  from 
uhcorrected'ion  gauge  tube,  readings.  Samples  were  also  exposed  to  molecular  hydro¬ 
gen  at  equivalent  doses  and  no  evidence  of  reversion  to.the  1x1  structure  was  observed. 

Figure  3  shows'LEED  results  from  a  sample- exposed  to  H/Hj  much  higher  pres¬ 
sures,  0.95  Torr.(Fig.  3b)  and  .0.5  Torr  (Fig.  3c),  These  pressures  are  similar  to  what  is 
curre.ntly  used. in  plasma  enhanced  C\T)  diamond  growth  systems.  Although  the  rate 
of  atomic  hydrogen  generation  by  tungsten  rdaments  decreases  as  the  pressure  is  raised 
above>10“^  Torr.  we  see-no  cvidcncc-that  the  surface  has  been  reconverted  to  the  1x1 
state. 

B.  Calculational  Results 

The  geometric  results  for  the  d.  .er  of  the  background  surface  cluster  is  shown  at 
the  top  of  Fig.  1.  The  dimer  bond  length  was  calculated  to  be  1.64  A.  For  addition  of 
hydrogen  to  the  surface,  two  reactions  of  H  atom  with  the  dimer  were  considered:  first 
is  the  attack  on  the  dimer  carbon  atom,  Cj,  and  second  is  the  attack  on  the  second- 
layer  carbon  atom,  C,i.  In  the  former  case,  the  results  indicate  the  breaking  of  C^—C^ 
dimer  bond.  The  variational  potential  energy  surface  diagram  and  the  corresponding 
change  of  Cj— 0^  dimer  bond  length  with  the  H  atom  approaching^^the  dimer  atom 
are  shown  in  Fig.  4.  The  potential  energy  barrier  obtained  for  this  reaction  is  48.7 
kcal/mol.  The  variational  potential  energy  surface  diagram  and  the  corresponding 
change  of  Cj— back  bond  length  with  the  H  atom. approaching  a  Cd.atom  are  shown 
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in  Figi  5.  Theresults  in  this  c^e-indicate  th^.the  C^— Ca-dimer  bond  does  nofbreak 
but  instead,  the  Cj— Cj  back  bond  is  cleaved.  Hovyever,  the  potentiaUehergy- barrier 
obtained' for  this  reaction.  76.1  kcal/mol,  is  substantially  larger  than  that  of  the  direct 
dimer  attack. 

n^-DISCUSSION 

The  dimer  bond  length  of  l.G-IA  calculated  here  is  in  good  agreement  with  Yang 
and  D’Evelyn's(7]  1.C3A  and  Vcrwoed’sjS)  1.67A,  but  somewhat  apart  from  the  result 
of  .Mehandru  and.  Anderson. (9]  i.73A.  and' the  icsult  of  Zheng  and  Smitli.  1.5gA[10I. 
Although  LEED  observ.ations  have  been  made  of,  the  reconstructed  surface[2,3, 1,G];  no 
quantitative  experimental  data  has  been  published  to  date  on  the  bond  lengths. 

Reconstruction  of  the  diamond  (100)  surface  to  the  2x1  state  is  an  experimentally 
well  documented  phendmena.(2,3,-l,6]  The  resulting  structure  appears  very  similar  to 
the  2x1  silicon  reconstruction. (2,3]  Although  the  process  seems  to  be  quite  similar  to 
that  seen  on  silicon,  researchers  report  that  a  varying  percentage  of  the  freshly  pol¬ 
ished  surfaces  studied  do  not  reconstruct  to  the  2x1  structure  upon  annealing.(2,3,-l,6l 
Hamza  et  al.  have  reported  an  assoeiation  between  residual  oxygen  on  the  surface 
deteeted  by  electron  stimulated  desorption  and  the  ability  of  the  surface  to  recon- 
struct.(2|:Samples  ^yith  the  most  oxygen  detected  were  less  likely  to  reeonstruct.  Given 
the  surface  preparation  techniques  available  both  in  situ  and  ex  situ  for  diamond  it 
seems  reasonable  to  assume  that  surface  contamination  may  explain  the  failure  of  some 
samples  to  reconstruct.  The  effect  of  impurities  on  surface  reconstruction  has  been 
noted  in  a  number  of  other  systems  including  silicon  and  platinum. (17] 


Conversion- of  the  surface  back  to  the  1x1.  state  by  exposure  to  atoinic  hydrogen 
has  been  studied  experimentally  by  only  one  other  group.[2]  Results  reported  by 
Hamsa  et  al.  indicated  that,  the  surface  converted  to  the- 1x1  configuration'upon  dos¬ 
ing  with  atomic  hydrogen  at  180K  coupled  with  annealing  at  ,700K.[2l  LEED  patterns 
disappeared  following  the  dosing  and  the  1x1  pattern  was  then  seen  after  annealing.[2l 
We  see  no  evidence  of  either  obscuratioir  of  the  LEED  pattern  follorying  dosing  or  of  a 
reversion  to  the  1x1.  surface  structure..  The  LEED  patterns  gradually  deteriorated  with 
repeated  dosing  and  desorption  cycles  until  only  weak  first  order  spots  remained  cou¬ 
pled  witii  a  very  high  background.  One  expects  the  dimer  bond  on  the  C(100)-(2xl) 
surface  to  be  stronger  than  what  is  seen  on  the  Si(100);(2xl)  surface  given  the  greater 
C-C  bond  strength,  83.kcal/mol(19]  versus  46  kcal/mol(lOl  for  Si-Si,  and  the  ability  of 
carbon  to  form  double  bonds.  Theoretical  calculations  in  the  present  study  indicate 
that  it  is  difficult  to  break  the  C-C  dimer  bond  with  atomic  hydrogen.  A  large  poten¬ 
tial  energy  barrier,  48.7  kcal/mol,  was  found  for  breaking  of  the  dimer  bond  by  hydro¬ 
gen  atom  a'l^ition.  The  calculated  energy  barrier  for  hydrogen  addition  to  the  dimer 
bond  is  in’i.fairly  close  agreement  with  the  39  kcal/mol  reported  in  Fig.  5  of 
Verwoerd|8l,-and  with  the  34.1  kcal/mol  estimated  recently  by  Zheng  and  Smith(lO]. 
The  theoretical  results  obtained  here  support  the  LEED  observations  which  indicate 
the  2x1  surface  does  not  convert  back-to  the  1x1  configuration  even  after  substantial 
dosing  with  atomic  hydrogen. 

The  results  obtained  for  hydrogen  attack  of  the  dimer  backbond  reinforce  the 
observation  that  the  C(l00)-(2xl)  surface  is  resistant  to  restructuring  by  atomic  hydro- 


gen.  The  potential  energy  barrier  obtained'  for  addition  to  the  backbond,  76.1- 
kcal/inol,  is  substantially  larger  than  for  direct,  attack  of  the  dimer  bond.  .Mthough 
the  potential  energy  .barrier  for  dimer  attack  is  relatively  lower  than  for  backbond 
attack,  neither,  reaction  appears,  likely  in- light  of  the  substantial  absolute  value  of  the 
potential  energy  barriers.  Furthermore,  Yang  and  D’Evelyn  have  argued  that  even  if 
individual  dihydride  units  form,  steric  constraints  severely  limit  the  ability  of  the  sur¬ 
face  to  saturate  in  the  dihydride  phase  and  at  most  the  surface  assumes  a  disordered 
dihydride  with  random  dihydride  units  scattered  among  monohydride  pairs.!"] 

It  should. bo  noted  that  all  of  tiie  dosings  used. in  the  present  study  were  with  an 
atomic  hydrogen  flux  considerably  lower  than  found  in  a  typical  CVD  growth  environ¬ 
ment  and' with  a  substrate  temperature  also  much  lower.  Breaking  of  the  dimer  bond 
by  atomic  hydrogen  was  predicted  to  have  a  large  potential  energy  barrier  at  low  tem¬ 
perature.  In  a  CVD  environment,  with  much  higher  fluxes  of  atomic  hydrogen,  it  may 
be  that  significant  numbers  of  dimer  bonds  could  be  broken  to  form  the  dihydride.  At 
higher  substrate  temperatures  it  is  also  likely  that  the  reaction  probability  for  dimer 
bond  breaking  and  hydrogen  atom  insertion  will  increase.  However,  at  room  tempera¬ 
ture  and  with  nominal  dosing  fluxes,  the  conversion  to  the  1x1  structure  appears  to  be 
very  much  slower  than  what  is  seen  on  silicon. 

V.  CONCLUSIONS 

Atomic  hydrogen  appears  relatively  inefficient  at  breaking  C-C  dimer  bonds  on 
the  C(l00)-(2xl)  surface  compared  to  the  Si(100)-(2xl)  surface  under  identical  condi¬ 
tions.  LEED  patterns  show  only  slight's  changes  even  after  exposure  of  the  surface  to 


17 


40W6h  of  H/H2.  Under  similar  conditions,  a  silicon:(2xl)  surface- converts -to  the  1x1 

phase  after  ah  exposure  of  less  than  600L.  WND0  calculations  were -done  for  two 

,  'Y' 

atomic  hydrogen-insertion  reactions,,  direct  attack  of-the  dimer  bond  and  attack  of  the 
back  bond.  Calculations  indicate  that  there  are  substantia!  potential  energy  barriers  to 
both  reactions.  The  barrier  to  the  dimer  addition  was  calculated  as  48.7  kcal/mol  and 
7G.1  kcal/mol  for  attack  of  the  back  bond.  Based  on  experimental  and  theoretical 
results  it  does  not  appear  that  exposure  of  the  C(100)-(rXl)  surface  to  atomic  hydrogen 
at  25  *  0  readily  converts  tlie  surface  to  the  1x1  state. 
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Figure  "iCaptions 


Figure  1.  The  "background"  (100)  surface  element.  The  Filed  circles  desig¬ 
nate  carbon  atoms  and;  the  open  circles  ~  hydrogen  atoms.  Carbon  atoms  of 
different,  layers  are  shaded  with  different  patterns.  Letters  a,  b,  c,  and  d 
identify  distinct  reaction  sites  at  the  top  two  layers.  The  bottom  of  the  Figure 
gives  top  view  of  the  model,  compound,  and  the  top  of  the  Figure  -  side  (left) 
and  top  (right)  views  of  the  reacting  monohydride  dimer. 

Figure  2.  LEED  patterns- at  137cV  from  diamond(100)-(2!:l)  surface  as  loaded 
(Fig.  2a),  before  (Fig.  2b),  and  after  (Fig.  2c)  exposure  to  atomic  hydrogen  for 
30  min  at  a  total  hydrogen  pressure  of  5x10"^  Torr.  There  may  be  a  slight 
diminishment  of  the  second  order  spots  in  Fig.  2c  but  the  2x1  pattern  is 
clearly  evident. 

Figure  3.  This  Figure  shows  LEED  patterns  from  a  sample  exposed  to  H/Hj  at 
much  higher  pressures  than  used  for  the  sample  shown  is  Fig.  2.  Figure  3a 
shows  the  sample  after  thermal  cleaning.  The'2xl  pattern  is  evident.  Figure 
3b  shows  the  sample  after  dosing  at  .95  Torr  for  5  min  at  25  *  C.  The  2x1  sur¬ 
face-structure  is  still  visible.  Figure  3c  shows  the  sample  after  annealing  at 

and  atomic  hydrogen  dosing  at  6.5  Torr.  The  2x1  pattern  is  still 

present. 

Figure  ■!.  Variational  diagram  for  the  addition  of  an  H  atom  to  a  C5  atom  of 
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the  dimer:  top  -  potential  energy,  and- bottom  -  dimer  C-  C  bond  length. 

Figure  .5.  Variational  diagram  for  the  addition  of  an  H  atom,  to  a  Cj  atom; 
top  -  potential  energy,  and  bottom  -  C-C  back-bond  length. 
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ABSTRACT 

A/low  pressure  ehemical  vapor  deposition  technique  using  water-alcohoi-vapors  has  been 
developed  for  the  deposition  of  polycrystallinc  diamond  films  and  homoepitaxial  diamond  films. 
The  technique. uses  a  low  pressure  (0.50  -  1.09  Torr)  rf-induetion-plasma  to  effectively  dissoci¬ 
ate  the  water  vapor  into  atomic  hydrogen  and  OH.  Alcohol  vapors  admitted  into  the  chamber 
with  the  water  vapor  provide  the  carbon  balance  to  produce  diamond  growth.  .\t  l.CO  Torr, 
high  quality  diamond  growth  occurs  with  a  gas  phase  eoncentration  of  water  approximately 
equal  to .47%  for  methanol,-66%  for  ethanol,,and.83%  for  isopropanol.  A  reduction  in  the  criti¬ 
cal  power  necessary  to  magnetically  couple  to  the  plasma-gas  is  achieved  through  the  addition 
of  acetic  acid\to  the  lyaterialcohol  solution.  The  lower  input  power  allows  lower  temperature 
diamond  growth.  Currently,  diamond'depositions  using  waUr;methanol  acetic-acid  are  occur¬ 
ring  as  low  as  .300*C  with  only  about  500  W  power  input  to  the  50  min  diameter  plasma  tube. 

INTRODUCTION 

To  date, .diamond  films  produced  by  chemical  vapor  deposition  techniques  .have -been 
grown  principally,  using  heavy  dilution  of  organic. gasses  with  molecular  hydrogen.'*'®  The  role 
of  molecular  hydrogen  to  the. process  is  manifold,  but  the  dissociation  of  molecular  hydrogen 
into  a  high  fraction  of  atomic  hydrogen  is  critical  to  diamond- stabilization  and' growth.  A 
(plethora  of  techniques  have  been  applied  to  create  concentrations  of  atomic  hydrogen  sulficient 
for  high  quality  diamond  groiyth.  Typically,  these  techniques  involve  a  liigh-temperature 
region  (hot-fila'ment,  oxy- acetylene  torch,  microwave>plasma,  dc  arc.dischargr,,  etc.)  wherein 
high  dissociations  of  molecular  hydrogen  is  feasible.  Some  workers  have  avoided-  the  use  of 
molecular  hydrogen  by  using  source  gasses  rich  in  o.xygen.®*'"  Other  workers-have  augmented 
the  molecular  hydrogen  with  small  percentages  of  water."*'®  We  report  here  on  a  low, pressure 
rf-inductive  plasma-agisted  chemical  vapor  deposition  technique  for  the  growth  of  diamond 
which  uses  water  not  molecular  hydrogen  as  a  process  gas  stabilizing  diamond  growth.  Atomic 
hydrogen  necessary  for  diaihond  growth.(in  this  process)  is  supplied  from- plasma-dissociation 
of  water  and  alcohol  vapors.  Unlike  previous  work,  addition  of  water  to  the  alcohol  is  neces¬ 
sary  to  produce  well-facetted  diamond  growth  in  this  low  pressure  rf-plasma  technique.®  Furth¬ 
ermore,  it  has  been  observed  that  addition  of  acetic  acid  to  this  CVD  process  enables  diamond 
growth  to  occur  at  reduced  rf  power  levels  and  consequently  at  lower  substrate  temperatures. 

EXPERIMENTAL  APPARATUS  AND  APPROACH 

A  description  of  the  chemical  vapor  deposition  system  used  in  this  work  has  been  previ¬ 
ously-reported.'®""  The  system  produces  diamond  from  both  traditional  Hj  -  CH(  mixtures  as 
well  as  tjie  water.alcohol.organic-acid  solutions  The  system  consists  of  a  50  iiim  id  plasma 


tube  appended  to^  standard  six-way  croK.  A  radio  frequency  (13.56  MHz)  induction  coil  cou- 
ples.power.from  th'cirf.power  supplysinto  the  plasma  discharge.  Samples  are  located  on  a  gra¬ 
phite  carrier  located  immediately  underneath  the  induction  plasma.  The  rf  excitation,  induces 
currents  in  the  graphite  susceptor  which  ^rve  to  heat  the  sample.  Samples  are  introduced 
into  the  vacuum  Systein  yia.a  vacuum  load-lock,, which'isolates  the, main  chamber.  The  gasses 
(water,  alcohol;  acetic-acid)  are  introduced  iiito  the  chamber  through  a  leak  valve  , on  a  storage 
tank  which  con.tains  solutions  of  t^he  vyater/alcbhol  or.watei/acctic-acid/alcohol  Vapors  above 
the  liquid-are  pumped  from,  the  storage  tank'  into  the.grojvth  charnber.  The-.vapqr  pressure  ob 
Tthc  constituents  above  the 'liquid  should  be  a  produce  of  their  molar  concent:rat!oht.and>their 
respective.vapor;pressure5'.  \Vater  and  alcohol  solutions  at'Toom  temperature  have  sufficient 
vapor., pressures  to  supply  a  low  pressure  diMharge  (<  10  Torr).  High. pressure  operations, 
might  require  the  liquid  solutions  to  maintained  at  an'elevated  temperature.  For  the  growths 
reported  here,  vapors  from  a'ariouS  volumetric  mixtures  have  been  evaluated  ifor  diamond 
growth.  The.leak  rate  into  the  growth  chamber  from  the  solutions  results;in  a  loss  of;~  02 
cc/min  from  the  liquid.solutions.  While  th«e  wiji  besome  depletion. of  the  higher  vapor.pres- 
Siurc  component;  the  practice  of  mixing -allows  ai.eonvenient  method  for  evaluating  different 
ratios  of  water-to-alcohol  without  the'necessity  of  a  gas  manifold. 

Samples  are  introduced,  tp  the  growth  system  through  a"  vacuum  load  lock.  Prior  to  inser¬ 
tion,  samples. have.bcen  subjected  toia.diampnd.abrasive  treatment  with  Ppm  diamond  paste 
to.enliance  nucleatiqn.  Diamond  growth  proceeds  by  initiatmg  a  rf  induction  plasma  with  suf¬ 
ficient  power  to  magnifically  couple  to. the  gas.  J.jAmorrim  et  a).'*  have  shown  that-rf  coils 
coupleito  the  pl^ma  gas  at  low  fewer' le,y.cls  through  &ficld  coupling.  At  higher  power  levels, 
the  rf  coil-couples  power,  to  the. jilasma  gas. through  B-field  coupling.  The  Mejd  coupling  is 
characterized., by  an  intense  plasma  luminescence  from  a  region  of  high  density  electronf  ~ 
10'*  cm”*.  The  £^field  coupling  at  lower-  powere  results  only  in  a-  low  density  plasma,  ~ 
10'°  cm”*  with  weak  plasma  luminescence.  Introduction  of  water  vapof  alone  to  a  low  pressure 
(1.0  Torr)  rf  inductive  discharge  results  in  intense  atomiC:H  emission.  The  water  plasma.has  a 
characteristic  red  color  associated  with  atomic  H  emission  at ‘656.nm.  OH. emission  lines  are 
clearly  visible  but  not  as  dominant  as  the  atomic  H  emission  lines.  One  thus  observes  that 
water  discharges. are  capable  of  generating'ample  atomic  H  along  with  OH  from  the  water  dis¬ 
sociation.  Atomic  0  lines,  if  pesent  in  the  emission  spectrum,  arc  minor  and  liayenot  been 
identified -at  this  time.  Addition  of  alcohol  to  the  water  plasma  changes  the  color  of  the 
plasnia  cmi^ion  to  a.  bluer  spectrum  as  CH  and  CO  emissions  are  observed  along  wjth  -the 
atomic  hydfogentBalmer  lilies. 

EXPERIMENTAL  RESULTS 

A,  Waterialcohol  results 

We  have  previously  reported  the  growth  of  polycrystalline  diamond  films  using 
.water/methanol,  water/ethanol,  or  water/isopropanol  mixtures,'*  In  that  work,  the  vapor  mix¬ 
ture  entered  the  deposition  system  and  diffused  from  the  mam  chamber  into  the  plasma  tube 
The  vapors  were  not  admitted  into  the  system  through  the  plasma  gas  feed  For  this  work,  the 
storage  bottle  containing  the  liquid  solutions  was  located  on  the  plasma  gas  feed  Various 
water-alcohol  mixtures  were  used  to  determine  the  effect  of  the  C/O.ratio  on  diamond  growth 
Figure  I  shows  SEM  micrographs  from  samples  deposited  at  1,0  Torr  from  volumetric  water- 
methanol  mixtures  ranging  from  805^  methanol  to  33%  methanol  The  results  for,  80% 
methanol  produce  poorly  faceted  diamond!  Thi^c  results  contrast  remarkably  from  the  work 
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by'Buck  eK'al.  and.Bachmann  et  af.  in.  a  microw'aye  discharge. at. higher  pressures, using  100% 
methanol.,  ’lnithat,  work,,hjgh  quaiity  diaihond  was  obtained, from  only  methanol.  (In  this  work, 
\yater  additIqn.-to  the  methanol  is  critical  to  thc.fbrmation.or  ryell-faceted. crystalline  diamond. 
As  observed  in;.Figure  1,  the  quality  of  diamond  growth. increases,^  the  methanol  volumetric 
concentration  is-jeduced.  At  33%  methanol'  in  the  water  solution,  well-faceted  diamond 
growth  is  observ-ed.  From  thc^respectivc  vapor  .pressures  of  water  and  methanol  at.20’C,  we 
estimate  the  vapor^ressure^-of  water,  and  .methanol  to  be  11.7.  and  31.5  Torr,  respectively, 
above 'the~33%' methanol  mixture.  Using  these,  vapor  pre^uVes,  one  calculates.the  C/C+0,  the 
.0/0+H;  and  the  H/C+H  ratios  to  6e  Q.d2, 0.^K,  and  0.83;  respectively.  According  to  the  depo- 
siton  phase  diagram  of  Bachmaiin,  the'low  C/C+0  ratio  of  0:42  should  result  in.no  diamond 
growth.  I^onethel^(,this  oxygen  rich  ratiq'.is  necessary  for.diamond;  growth,  in-this  system. 
rU  noted  in  the  Bachmann  work,  actual  gas  phase  concentrations  may.:vary  due  to  interactions 
of  the  plasma  with  tli'e-carbonasccous  walls  of,  the  reactor.  In,  this  case,  the- reactions  of  the 
water-vapor  plasma  with  the  graphite  susceptor  undoubtedly.jncrease  the  carbon  concentra¬ 
tions  in  the, gas. phase.  The  graphite  susceptor  has  been  observed  to  be  etched, by 'the. water- 
alcohol  discharges  at  a  rate  of  25/it. 

B.  Acet!c-acid:watcr;methanql  results 

It  was. observed  that  diamond  growth- from  the  ivater-alcohol  solutions''fequircd  less  rf 
power  than  diamond  growth  from  more  traditional  Hj/CH,.  The  lower  rf  power  most  likely 
was. a  consequence  of  the  water-methanol  have  lower  ionization  potentials  than  the  Ho  -  CH^. 
Water,  for.instanco,  has  an  ionization  potential  of  12.61  eV  as  compared  to  an  ionization  poten¬ 
tial  of  15.43  eV  for  H2.  Methanol,  for  instance,,  has  an  ionization  potential  of  10.84  eV  as  com¬ 
pared,  to  an  ionization  potential  bf,12,64  eV  fort/H,.  The  lower  ionization  potentials  permit 
lower  rf  power. levels  to  be  applied  for  sufficieht  plasrha  ionization.  Correspondingly,  we  have 
observed  that  the  addition  of  organic  acids,  to  thp  water  solutions  substantially  reduces  the 
critical  power  necessary  to  magnetically  c.ouplc  to  the  plasma  gas.  It  is  suspected  that  these 
organic  molecules  have  even  lower  iohizatioh  potentials  than  water. 

As  a  conseq’uence,  diamond  growth  in  the  low-pressure  rf-induction  plasma  can  be 
evaluated  at  lower  substrate  temperatures  (through  reduction  in  the  induced  current  in  the 
graphite  sample  carrier).  Figure  2  shows  SEM  micrographs  of  diamond  films  deposited  at  0.50 
Torr  using  a  volumetric  mixture  of  2.2.1'acetic-acid.water.methanol.  The  sample  temperature 
is  reduced  from. one  sample  to  the  next  by  the  reduction  in  rf  applied  power.  The  growths  at 
'ail  temperatures  show  well-faceted  diarhond  polyhedra.  There  appears  to  be  no  severe  degra¬ 
dation  of  the  film  properties  despite  the  ~  300'C  reduction  in  growth  temperature.  Indeed. 
Raman  spectra  from  these  samples  seemed  to  indicate  that  higher  quality  growth  was  achieved 
between  300-400 'G  than  at  the  higher  temperatures.  Raman  spectra  for  the  films  grown  at 
300  and  400  ‘  C  are  shown  in  Figurc'3  All  these  films  showed  an  amorphous  carbon  component 
at  1500  cm"'.  The  reduction  in  applied  power  did  reduce  the  deposition  rate.  The  film  depo¬ 
sited  at  575’C  grew  at  a  linear  rate  of  6000  A/hr  while  the  film  deposited  at  300'C  grew  at  a 
linear  rate  of  2000  A/hr. 

DISCUSSION 

The  growth  of  diamond  is  undoubtedly  facilitated  in  the  low-pressure  rf-induction  plasma 
by  the  high  electron  density  achieved  when  at  a  critical  power  the  coupling  changes  from  E- 
field  to  B-field  coupling  In  this  work,  we  have  replaced  molecular  hydrogen  and  methane  with 
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various  mixtufes  of  water,  alcohols,  and  organic  acids.  The  vapof-discharges  from  the  water- 
based^hitions.are  e^ily^ionized  in  the  rf  plasma'Owing  to  lower  ionization  potentials  for  the 
"  awater, .alcohol,  and  acetic  acid  molecules;  /\s;a  consequence,  lower  power  levels  are  necessary 
for  a  Meld^coupling.  ^  ^ 

Once  the  B-field  coupling  occurs,  the.high  electron  density  and  high  electron  temperature 
allows  atbmization  'oi'  the^arent'moleciiles.  'Atoms  and  free  radicals  of  both  graphite  etchant 
species'suchras  H  arid  OH  and  carbon-containing  radicals  are  present  at  the  diamond  growth 
surface.  iDissoCiation  of  th(»e  species  will, depend  directly  on. the  bond  strengths.  If  one  com¬ 
pares,  bond-strengths  for.  the  various  molecules  and. radical  species  used  in  this  work,  a  number 
■of  interesting, observations  are  apparent.  'First,  the  H-,OH  bond  (119  kcal/mol);is  not  signifi¬ 
cantly, .weaker  than  thc:H-H  bond  (104.2  kcal/mol).  Thus,  the  high  generation  of  atomic  hydro¬ 
gen  from-water  discharges  is  probably  a  consequence  of  the'lqwer  ionization  potential  and  a 
.larger  cross-section  for  electron-impact  di^ociation.  Second,  the  bond  strengths  for  H- 
liberation.for'a  radical  such  as  GlfjO— H'(31  kcal/mol)  from  the  methanol  has  a  significantly 
lower  dissociation;cnergy  than  the  parent  ,CH30—H  (112  kcal/mol)  molecule. '  The  CH20-^H 
dissociation  energy  is  also  significantly  lower  than  any  of  the  energies  for  methane,  methyl,  or 
methylene  dissociation.  One  would  expect  that  electron  energies  in  the  plasma  sufficient  to 
dissociate  bn  a  hydrogen  from  the  methyl  group  on  the  alcohol  would  be  more  than  sufficient 
to  dissociate  tho.GH.)0-rlI-bond.  And  third,  the  lowest  dissociation  energies  for  H-  liberation 
are  found  for  the  carboxyl  radical  .COO-H  (12  kcal/mol).  These  radicals  are  contained  on  the 
organic  acid  and  halogenated  organic-acid  groups.  It  is  the  dissociation  of  this  bond  that  gives 
the  acidity  to  water. solutions  containing  these  organic  molecules.  One  would  expect  then  that, 
besides  the  lower;ionization  potential  offered  by  the  addition  of  the  organic  acid  molecules  to 
the  plasma  discharge,  the  organic.acids  wpuld./eadily  release  H  atoms  to  the  plasma  gas.  The 
organic  acid  groiip  behavcs  as  graphite  solvent  in  this-process.  To  date,  we  have  not  been  suc¬ 
cessful  in  depositing  diamond  from  solutions  of  exclusively  water  and  acetic  acid.  Concentra¬ 
tions  of  acetic  acid  in  excess  of  80%  in-water  solution  have  not  been  evaluated.  For  the  con¬ 
centrations  of-acctio  acid  that  we  are  usiiig  for  the  low  temperature- diamond  growth  221 
(acetic-acid;water:methanol),  the  primary  roles  of  the  organic  acid  group  are  (l)  to  promote 
ionization  in  the  rf  induction, coil  and  (2)  to  contribute  H  atoms  to  the  groiyth  process. 

We  have  previously  been  discussing  mechanisms. by  which  the  water-based  processes  pro¬ 
mote  diamond  growth  in  low-pressurp-,rf-induction  plasmas.  These  mechanisms  have  all  been 
concerned  with  II-  atom  generation.  At  low  pressures,  diffusion  of  Ihatoms  to  walls  and  recom¬ 
bination  of  H  atoms  on  the  walls  limit  the  steady-state  population  of  H  atoms.  The  steady 
state  population  being.'the  difference  of  the  generation  and  loss  rates.  The  water-based  pro¬ 
cessed  (besides  producing  .higher  generation  rates  per  unit  power  than  the  molecular-hydrogen 
based  processes)  may.  also  significantly  reduce  the  loss  rates  at  low  pressure.  Water  passiva- 
tionbf  tube  walls  in  flowing  afterglow  hydrogen  discharges  has  been  used  to  reduce  wall  recom¬ 
bination.  Water  vapor  (integral  to  the  diamond  growth  in  this  work)  would  continuously  pas¬ 
sivate  the  reactor  walls.  Indeed,  it  might  be  possible  to  maintain  the  reactor  walls  at  low  a 
-enough  a. temperature  to  condense  multiple  layers  of  water  on„the  plasma  tube  walls  The 
water  condensate  would  serve  to  buffer  the  wall  materials  from  the  extremely  aggressive 
plasma  environment.  In  addition  to  wall  passivation,  the  water-based  process  may  also  reduce 
loss  rates  by  permitting  H"*"  complexing-with  neutral  H.,0  water  molecules  The  hydronium  ion 
HsO'*'  as  in  acidic-water  solutions  should  remain  highly  reactive,  yet  complexed  so  as  to  retard 
rapid  diffusion  to  the  plasma  walls.  It,  thus,  seems  plausible  that  the  water-based' processes  for 
diamond  growth  can  enhance  diamond  growth  both  by  permitting  higher  generation  rates  of 
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active  species  and  by  reducing  lo^  mechanisms. 

CONCLUSION 

.‘tlow  pressure  chemical- vapor  deposition  technique  using  w3ter-alcoho|  vapors  has  been 
developed  for  the. deposition  of  polycrystailine  diamond  films  and  homoepitaxial  diamond  films. 
The  tecjiniquc.uses  a  low  pressure  (6.50  -  l.OO.Torr)  rf-induction  plasma  to  effectively  dissoci¬ 
ate  the  water  vapor  into  atomic.hydrogen-andiOH',  Alcohol  vapors  admitted- into  the  chamber 
with  the  water  vapor  provide  the  carbon  bailee  to  produce  diamond  growth.  Unlike  previous 
results,  obtained  from  microwave  sources  using  only  methanol  or  Ar/methanol  mixtures,  the 
.if-induction  source  grows,,poor  quality  diamond  unless  water  vapor  is  admitted.  At  1.00  Torr, 
high  quality  diamond  growth  occurs  with  a  gas  phase  concentration  of  water  approximately 
equal  to  -17%  for  methanol,  66%  for  ethanol,  and  83%  for  isopropanol.  In  the  operation  of  the 
rf  induction  plasma,  there  exists  a  critical  power  level  at  which-  the  coupling  to  the  plasma 
changes  from  Afield  coupling  to  Afield  coupling.  The  6-field  coupling  has  been  shown  in  Ar 
lilasmas  to  produce  about  two  orders  of  magnitude  increase  in  the  electron  density.  VVe  have 
observed  that  the  critical- power  to  achieve  6-ficld  coupling  is  substantially  lower  for  the 
water-based  processes  as  compared  to  the  traditional  molecular  hydrogen-based  processes 
Furthermore,  reduction  m  the  critical  power  necessary  to  /Afield  couple  is  achieved  through 
the  addition  of  acetic  acid  to-the  water.alcohol  solution.  .The  water-alcohol  vapors  permit  dia¬ 
mond  growth  to  occur  at  lower  power  levels  as  compared  to  the  Hj/CH,  discharges.  The  lower 
input  power  level  required  in  turn  reduce  substrate-carrier  inductive  heating  and  allows  lower 
temperature  diamond  growth.  Currently,  diamond  depositions  using  water.methanol.acetic- 
acid  are  occurring  as  low  as  300  *  0  with  only  about  500  W  power  input  to  the  50  mm  diameter 
plasma  tube. 
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Diamond  films  groum  by  rf;plasma-<:nhan^  chemical  vapor  deposition  in  dilute  CO,  CF<, 
and  CH,  (diluent  Hj)  mUtures  have  bw/i  examined  by  cathodolumin^ence  {CL)vin 
a  transmission  electron  micrpKope  to  at^s  the  inrorporation  of  optically  active  Impurities 
arid  defects.'The  details  of  the  CL  sp«»a  are  found  to  be  dependent  on  .the  dilferent 
gas  mixtures  and  are  conelated  with  the  different  film  microstructurcs.  Dislocation  related 
band  A  CL  due  to  closely  spaced  donpf-acceptor  (D-d)  pairs  was  observed  from 
both  the  CO  and  CH4-growri  films,  but  was  absent  in  the  CF4-grown  material.^Band  A  CL 
due  to  widely  separated, (X)-/0  pairs  was  ^n  in  all  samples  but  was  especially 
dominant  in  the  CF4-grown  film.  Emission  due  to  a  di-Si  interstitial  impurity  was  observed  in 
CO-  and  CF4-grown  films  but  was  absent  in  the  CH4-gtown  material. 


The  cheiriical  vapor  deposiliori  (CVD)-of  diamond 
films  IS  ciirreritly  receiving  much  attention.'  At  present, 
attempts  at  heteroepitaxial  growth,  usually  on  Si  sub¬ 
strates,  have  resulted  in  heterogeneous  polycryslaliine  films 
cbniairiirig  many  defects  and  impurities.  One  of  the  goals  of 
such  growth  methods  must  be  the  control  of  the  formation 
of  these  inhomogeneilies.  especially  if  potential  optical  and 
electronic  applications  are  to  be  realized.  The  aim  of  this 
study  was  to  investigate  how  the  use  of  dilute  CO  and  CF4. 
rather  than  the  usual  CH4,  in  the  CVD  process  might  affect 
the  incorporation  of  impurities  or  defects  and  the  elec¬ 
tronic  states  associated  with  them.  The  analytical  tech¬ 
nique  used  was  spectrally  resolved  cathodoluminescencc 
(CL)  performed  in.  a  transmission  electron  microscope 
(TEM)  which  allows  a  simultaneous  correlation  of  <;L 
emission  with  specimen  microstructure. 

Three  polycryslaliine  diamond  films.  1-2  pm  thick, 
were  grown  on  Si(  100)  substrates  by  rf  plasma-enhanced 
CVD  (PECVD)  using  the  following  gas  compositions  and 
growth  conditions:  (1)1%  CH4,  99%  H;,  pressure  =  5.0 
Torr.  temperature  -  650*0.  (2)  2%  CO,  98%  H,. 
pressure  =  3.0  Torr.  temperature  — 630'C;  (3)  8%  CF4. 
92%  Hj.  pressure  =  5.0  Torr,  temperature  -^820*0.  De¬ 
tails  of  the  growth  of  this  last  film  are  described  in  another 
publication.'  An  additional  film  was  grown  using  2%  CO/ 
98%  Hj  at  a  temperature  of  ~725  'C  on  R-plarie  ( 10T2) 
sapphire  to  examine  the  effect  of  Hie  substrate  on  the  pres¬ 
ence  of  impurities  and  defects.  The  substrates  for  the  CO- 
arid  CH4-grown' films  were  scratched  with  diamond  paste 
prior  to  deposition  whereas  the  CFs-grbwn  film  wu  grown 
on  an  unscratched  and  untreated  Si  substrate.  Specimeris 
were  prepared  for  TEM  by  dimple  polishing  and  milling 
with  Ar'*'  ions.  Detection  of  CL  was  perfonned  in  TEM.' 
which  alM  allowed  the  microstnicture  to  Im  observed,  us¬ 
ing  a  120  keV  electron  beam  and  liquid-riitrogen-cooled 
specimen  stage. 

Figure  1  shows  CL' spectra  in  the  300-900  nm  range 
acquired  from  i5/tmdiam  rc^ons  from  all  four  films.  The- 


CH4-grown  film  gave  a  spectrum  which  consists  of  a  broad 
peak  at  428±  I  nm  (2.90±0.01  cV)  superimposed  on  an 
even  broader  band  with  a  maximurit  around  470±1  nm 
(2.637±0.00$  eV).  The  CFr-grown  film  gave  a  broad  band 
centered  at  540*1  nm  (2.295*0.004  eV).  and  a  small 
peak  at  737.8*6.5  nm  (1.680  *0,001  eV).  Spectra  from 
both  CO-grown  films  exhibit  a  number  of  similar  sprotral 
features  as  summarized  in  Table  I, 

The  CH4-grown  matenal  consists  of  a  perforated  film 
containing  1-2  pm-sized  grains,  many  with  well-developed 
growth  habits  and  microtwins.  The  grains  often  contain  a 
high  density  of  other  small  defects,  possibly  stacking  faults 
or  inclusions  of  nondiamond  carbon,  and  associated  static 


Wavelength  (nm) 


FIO.  I.'CL  spectra  from  polycryslaliine  dtamoiul  films-  ta)  1%  CH,. 
99%  Hi.  pressure**  50 Torr, tempcrtture —650 ’C on  SKIOO).  (b)  %% 
CFi,9l%  Hj.  pressure M  5 OTorr, temperature  — S20*CoaSi(100);  (c) 
2%  CO,9i%  H^  pressure  «•  50 Torr.  tera^reture  — 63O*ConSl(I00), 
(d)  2%  CO.  98%  Hi.  pressure »» Torr,  temperature  -725 ’C  on 
/(•pUne  (lOlZJ  sapphire. 
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TABL|^I  CL'spe^ral  faiures  observe  in  dilute  CO  CVD-gro%n  diiinond  on  sapphire  and  St  su^rates. 


431±1  nm  (2l8±OOI,tV)  band= 
464^V'nm  (2  67i'±6066eV')''(«k 
:'484±  1  nra  <2',J61  t'OOOS  eV)  ^>k 
WJ±1  imi  (2.464  ±0(»S  eV)  peak 
'534±l'nm  (2.321*0004 eV)  peiV 
586±i  nm  (2  IlSiOOlM  eV)  jhpiiMn 
73r8±OS  lira  ('l^SOiOOOl  tV)'p«ak 


436±  pm‘(2  84  ±001  eV)  band  - 
not  obs;  ^ 

484±  i.nm  (2.561  ±0005  eVl  ^k 
nnt  obs. 

534±'l  nm  (2.321±0004  eV)  peak 
607±  1  nm  (2042±a003  eV)  band 
737,8±0  5  nm  (1,680*0001  eVl'peak 


disorder,: as,  also  evidence  by  ’ significant  dilTuK  ^ttcr.in 
convergent  bMin  electron  diffraction  (  CBED)  patterns  ob- 
‘seWed  from  individual" crystals.  The  CFe-grown  film  is 
coniin'uous  with, a  smaller ‘grain  size  (0.1-O.3  pm).  Al¬ 
though  many,  grains  are  heavily  miefotwinned,  inclusions 
afe  -generally  abseiit.  Some  grains  are  defect-free  and' 
•CBED  indicates  a  low  degree  of  static  disorder.  The  rni- 
crostructure  of  the  CO-grown  films  is  very  substrate  de- 
penderit.'Oh  Si  the  ' film  ds"  continuous  consisting  of  very, 
defective  0.1-0.5 -pm-sized"  grains  whereas  tin  sapphire 
highly  defective  conhecte'd  nodules  ( 1  pm  diameter)  term 
a  perforated  film.  The  weak  CL  intensity  and  small  grain 
size  in  some.of  these  films  prwluded  a  detailed  correlation 
of  microsiructure  with  CL  as  Has  been  demonstrated  pre¬ 
viously  in  eVD-grtiwn  diamond.'  However,  a  general  cor¬ 
relation  with  overall  film  structure  is.destinbed  below. 

The  emissiotis  listed  in  Table  I  are  identified  as  follows. 
The  bands  at  iS3l  and  436  nm  are  known  as  band  A  and  are 
diie  to  closely  spac^  doitor-acceptor  (D-A)  pairs.  This 
emission  is  nomally  associated  with  natural,  rather  than 
synthetic,  diamonds’  but  has  often  beeti  obxrvcd  from 
eVD-grown  material^"  and  has  b«n  correlated  with 
dislocations.*  The  bands  at  586  and  607,  are  probably  also 
band  A  but  are  due  to  widely  separated  D-A  pairs  and  are 
more  typical  of  synthetic  diamond,  although  the  peak  of 
the  band  at  607  nm  is  at  the  low-energy  limit  for  band  A. 
The  intenM  peak  at  737.8  nm  is  th  vame,  within  eaperi- 
mental  error,  as  that  observed  previously  in  CVD-grown 
diamond  and  is  due  to  di-Si  interslitial  impurities.*-’*'*’ 
The  origins  of  the  emissions  at  464.  484,  and  503  nm  are 
unknown  although  they  have  been  observed  previously  in 
dilute  CHj  CVD-grown  diamond.*  The  534  nm  peak  has 
also  been  observed  in  CH(-grown  material  and  may  be  due 
to  a  niirogcn-vacancy-related  complex.*"’’”  For  the 
CH^-grown  film,’  the  428  nm  band  is  again  due  to  closely 
spaced  2)-/("p3irs..The  veiy  broad  band  on  which,  this  is 
superimposed  is  prolubly.  also  due  to  D-A  pairs  although  it 
has  an.  uncommonly  large  full  width  at  half,  maximum 
(FWHM)  of  over  1 100  meV  and  peaks  at  a  higher  energy 
than  Ts*  usually  encountered  in‘'Z)-,<  emission.  For  the 
CFvgrown  material,  the  band  at  540  nm  is  typiral  of  band 
A  eihission  from  widely  separated  D-A  pairs  in  synthetic 
diamond.  The  small  FWHM  (7  meV)  of  the  small  peak  at 
.737.8  nm  confirms  that  this  is  again  due  to  Si  interstitials. 

The  D-A  pair  bands  are  due  to  nitrogen  and  boron 
impurities  which  presiiniably  exist  as  contaminants  of  the 
source  gases,  vacuum  system,  and  reactor  coraponrats. 
Secondary-ion  mass  spectrometry  (SIMS)  ofthefilmscon- 


firins  the  presence  of  these  impurities.  The  interstitial  Si 
.impurity  IS  believed  to  ongiiiate  from  the  etching  of  either 
the  Si  substrate  dr  silica  reactor  walls  by  the  plasma.  No 
new.  CL  emissions  from  the  CO-  or  CF4-gtown  films  were 
observed,  suggesting  that  neithef  0  or  F  are.pfesent  as 
optically  active  impurities,  although  certainly  F  is  incort 
porated  in  the  CF^-grown  film  during;  growth,  as  revealed 
by  SIMS.  In  natural  diamond,  O  has  been  found  to  exist  at 
the  30-90  ppm  level,'*  as  elemental  or  mineralogical  inclu¬ 
sions  or  possibly  as  a;  substitutional  or  interstitial 
impurity.”  No  optical  activity  has  been  documented  which 
is  consistent  with  our  observations.  No  information  about 
the  presence  of  F  in  diamond  was  found  in  the  literature. 

The  details  of  the  CL  emissions  and  film  micr’ostruc- 
ture  are.  however,  dependent  on  the  growth  gases  and  we 
now  attempt  to  correlate  the  two.  Dealing  first  with  band  A 
luminescence,  all  specimens,  except  the  CF»-grown  films, 
show  emission  at  around  430  nni  due  to  closely  spaced  D-A 
pairs.  Previous  studies,  which  show  that  this  emission  is 
correlated  with  dislocations  in  CVD-grown  diamond,*  sug- 
gest  that  dislocations  are  present  in  these  films.  Potentially, 
other  defects,  e.g.,  stacking  faults,  nondiamond  inclusions, 
may  also  allow  D-A  pairs  to  exist  in  the  closer  proximity 
normally  associated  with  defect-free  natural  diamonds. 
This  may  account  for  the  extremely  broad  band  A  observed 
in  the  CHj-grown  material  where  such  defects  ih  single 
crystals  abound  arid  to  a  lesser  extent  the  CO-grown  film 
on  sapphire.  However.-  if  the  density  of  other  defects  be¬ 
comes  too  high  resulttng  in, poor  crystallinity,  increased 
nonradiative  recombination  r^uccs  the  overall  CL  inten- 
■siiy,  as  seen, in  the  CO-grown  films.  Significantly,  the 
CF«-gtown  material  was  the  least  defective  at  a  micro¬ 
scopic  level,  i.e.,  excluding  microtwins,  and  showed  no 
such  band  due  to  closely  spaced  D-A  pairs.  All  films 
showed  some  degree  of  band  A  due  to  widely  separated 
Z>-,4  pairs  normally  seen  in  synthetic  diamond.  In  the 
CFt-grown  films  this  was  the  only  peak  of  any  significant 
intensity  and  the  slightly  higher  peak  energy.  2.3  eV  com¬ 
pared  with  about  2.1  eV  for  the  CO-grown  films,  suggests 
a  smaller  mean  D-A  pair  separation.  Faster  growth  rates 
have  been  observed  when  O  is  added  to  dilute  CH4,'* 
which  might  result  in  D-A  pairs  being  incorporated  tn  even 
more  random  lattice  sites  resulting  m  larger  mean  D-A  pair 
separation  and  a  band  A  peak  at  lower  energy. 

The  CO-  and  CF4-grown  films  all  showed  some  degree 
of  interstitial  di-Si  impurity  which  is  believed  to  onginate 
from  etching  of  Si-contaimng  matenals  by  the  plasma  m 
the  growth  zone.  Although  absent  tn  the  CH,-grown  film 
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FIG.  2;  Incidence  of  (be  di^Si  intersjitui  defect  ai  observed  b>^  CL  f  I  6$1  - 
eV  peak).  CVD'frdwn  diamMd  on  Si  Wbstrate  as  a  function  of  growth 
umpefatufe  and'pressure  wilfi  the  MheVntrati^of  CH*  indteat^: 
•  afpeak  observ^.  O  <■  peak  not  observed,  data  from  Reft  4,  g.|l.'  U, 
and  this  work.  For  comparison,  films  grown  using  dilute  CFi  and  CO  (on. 
St. and  sapphire)'  which  show  the  t.WI.eV.pcak  arc  also  repre^ted 
( A' «  dilute  CF4;  ■  '<■  dilute  CO)!  Broken  Vertical  lines  ini^tMte  range  of 
prnsures'used  for  films  shown  as  grown  at  25  Torr.  since  cud  pressures 
were  hot  gVen.  For  the  data  point  in  parentheses,  the  peak'  in  the  CL 
spectrum  was  identified  as  GRI  due  to  neutral  vacancy  defect  rather  than’ 
di'St  (Ref.  9).  Similarly,  the  peak  in' Ref  "10  was'ldentified  as  GRI  but 
sukscquetitly  atiobuted  to‘di*Si  by  the  sahic  workers  (Ref.T3). 

h«re,  this  has  been  observed  in  similar  rhaienal  by  other- 
workers.^'*'**^  The  reason  for.this  probably  lies  m  the  de¬ 
tails  of  the  growth  conditions;  previous  observations  by  CL 
of  the  di-Si  interstliiaKdefect  shbwnigraphically  in  Fig.  2. 
■suggest  that  it.ohly  CKCurs  at  higher  growth  temperatures 
and  pressures  and/or^CHa  concentration,  although  the 
limited  number  of  data  ^ints,  the^different  growth  meth¬ 
ods  and  other  reactor-dependent  variables  make  such  a- 
generalization  only^tehtative.  Intense  peaks  in  thc'CO- 
grbwn  hlms,  grown  ^  under  similar  conditions  to  the 
CHrgrown  material,  indicate  that  CO  enhances  the  etch¬ 
ing  potency  of  the  plasma  resulting  in  higher  levels  of  dt-St 
impurity.  Conversely,  the  small  size  of  this  peak  in  the 
CF4>grown  film  shows  that  little  of  this  impurity  has  been 
incorporated  as  the  optically  active  di-Si  interstitial  form 
during  growth.  This  is  surprising  since  CF^based  plasmas 
arc’known  to  be  very  reactive;  even  visible  etching  of  a 
■  glass  viewport  in  the  reactor  occurred  during  previous 
runs.^In  addition,  SIMS  shows  the  Si  content  to  be  higher 
in  this  film  than  in  the  CO-grown  films.  This  suggests  that 
Si  is  also  being  in^rpbrated  as  an  optically  inactive  form 
and  $0  implies  that  the  nature  of  incorporation  of  Si  de¬ 
pends  on  the  gaseous  species  used  and  formed  during  the 
eVD  growth  process. 

The  source  of  the  Si  impurity  has  also  been  the  subject 
of  recent  investigation.  The  sp^tra  from  the  CO-grown 
material  bn  the  Si  and  sapphire  substrates  show  the  same 
basic  emissions  iiispite  of  large  differences  m  film  micro- 
sthicture.  However,'  relative  to  band  A  and  other  emis¬ 
sions,  the  peak  due  to  the  di-Si  interstitial  defect  much 
more  intense  when  the  substrate  was  Si,  indicating  that 


much.of  this  impurity  ongmat«  from.the  substrate.  The- 
.  penistehce  of  this  p^k  when  a'sapphire  substrate  is  u^^ 
indicates  tHa't.attl^t’^me  of  the  Si^ori^natesTrom  the 
reactor  which  controls  with  recent  studies  by  Ruan  et  al}\ 
who  found  that  this  p^k  only. when  a  Si  substrate  was  tisedj' 
during  growth  with  dilute  CH4. /This  could  be  explained  by 
the  apparently  enhan^  etching  properties  of  the  CO-cpn^ 
faining  plMmVas'preyibusly-discu»ed.-^^  potcntialTor^ 
rector  “membry”  due  iq  deposits  bn  the  rcactor.wall  from, 
earlier  deji^sitions  on  Si  substrata  also.exists. 

In  conclusion,  of.  dilute  CO  and  CF4  does  not  in¬ 
troduce  any;pptically;active  impunVy  or  defect  states  not' 
previously  observed  in  dilute'.CH^-gVown  CVD  diamond.' 
The  different  gases  do,'howcvcr,^fcsult.in  different  film 
micrqstructures  and  ebnebmitant  CL  spectra.  Dislocation- 
related  band*^  CL  is  observed  from  CO-  and'CHrgrbwn 
films  but  only  widely  ^  separated  pairs  exist' m  the 

CF4-grown  matenal.  The'  di-Si- interstitial  impunty  ww, 
ihost  readily  incorporated  in  CO-grown  films,  with  both 
the  Si  substrate  and  reactor,  walls  believed  to  be  the  source. 
-In  cornparisbn,  the  CF4-gr6wn  film  contain^, a  highei 
concentration  of  Si;  but  only  a  small  amount  as  the  opti¬ 
cally  active  di-Si  form. 
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Abstract 

Dense  nucleation  of  small-grain  polycrystalliue  diamond  films  on  Si(lOO)  siib- 
-trale.s  has  been  accomplished  without  the  use  of  any  surface  prelreatment  such  as 
ahr.asive  diamond  scratching,  surface  oil  treatments,  or  diamond-like  carbon 
predeposition.  The  depositions  occurred  in  a  low  pressure  rf  plasma  assisted  chemi¬ 
cal  vapor  deposition  system  using  mixtures  of  CF^  and  Hj.  Films  deposited  at  5  Torr 
and  850 'C  on  as-received  silicon  wafers  show  dense  nucleation,  well-defined  facets, 
and  crystallites  which  ranged  in  size  from  500  to  10.000  A.  X-ray  photoelectron 
spectroscopy  and  electron  energy  loss  show  the  films  to  be  diamond  with  no  major 
impurity  and  no  delectable  graphitic  component.  Raman  spectroscopy  shows  a  pro¬ 
nounced  1332  cm"'  line  accompanied  with  a  broad  band  centered  about  1500  cm"'. 
Preliminary  data  indica'^s  that  this  process  is  applicable  to  substrates  other  than 
silicon.  This  process  wili  lave  inportant  applications  in  areas  where  surface  pre- 
ireaimenls,  such  as  diamond  polishing,  are  not  viable. 


1.  INTRODUCTION 

Growth  of  polycryslalline  diamond  from  the  gas  phase  at  pressures  near  and 
below  atmospheric  pressure  has  been  well-documented  and  reported.*"^  A  variety  of 
•techniques  have  been  developed  for  chemical  vapor  deposition  of  diamond.  These 
techniques  have  involved  microwave  plasmas,  rf  plasmas,  hot  filaments,  arc-jets,  rf- 
plasma  torches,  and  acetylene  torches.  Typically,  the  source  gasses  used  for  diamond 
deposition  have  been  hydrogen  with  dilute  concentrations  of  a  variety  of  hydrocar¬ 
bons.  It  has  been  observed  that  (1)  diamond  nucleates  well  on  itself  and  cubic 
boron  nitride,  (2)  scratching  of  non-diamond  surfaces  with  diamond  abrasive 
enhances  the  diamond  nucleation,  and  (3)  diamond  deposition  without  surface  pre¬ 
treatments  such  as  scratching,  oiling,  or  diamond-like  carbon  deposition  does  occur 
but  at  a  much  reduced  nucleation  rate. 

In  this  letter,  we  report  on  a  technique  for  the  deposition  of  diamond  onto  Si 
substrates  without  any  pre-treatment  of  the  wafer  prior  to  its  insertion  into  the 
growth  reactor.  Through  the  use  of  CF4  as  a  carbon  source  gas,  dense  nucleation  of 
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diamond  cr\slals  has  hcpn  achieved.  F'rior  to  the  work  rcp*»ricd  here  deposition  of 
thin  continuous  diamond  films  on  substrates  other  than  diamond  has  not  been  pos- 
sibic  without  subjecting  the  substrate  to  treatments  designed  to  enhance  or  promote 
nucleation.  For  many  applications  the  standard  methods  for  promoting  nucleation 
to  achieve  continuous  films  are  not  fea.sible.  A  process  that  avoids  the  need  for  sur* 
face  pre-treatments  extends  the  range  of  substrates  and  applications  available  for 
diamond  thin  films.  Potential  applications  are  seen  in  the  deposition  of  diamond  for 
hcieroepitaxial  growth,  tool  coatings,  and  optical  coatings  whereby  dense  nucleation 
is  needed  to  promote  epitaxial  registration,  chemical  adherence,  and  optical 
transmission,  respectively.  In  addition,  studies  of  the  chemical  process  differences 
between  diamond  deposition  with  traditional  CH,  in  Hj  plasmas  which  do  net  pro¬ 
mote  nucleation  and  deposition  with  CF«  in  Hj  pla-smas  used  in  the  present  work 
which  <lo  promote  diamond  nucleation  allows  the  fundamental  mechanisms  of  dia¬ 
mond  hetcronucleation  to  be  addressed. 

2.  EXPERIMENTAJ. 

The  diamond  deposition  was  accomplished  in  a  low-pressure  rf-plasma  assisted 
chemical  vapor  deposition  system.  The  reactor  consists  of  a  inductively  coupled 
plasma  lube  vacuum  pumped  by  a  iOOO  I/s  turbomolecular  pump.  The  plasma  lube 
is  a  water  cooled  quartz  jacket  of  --  50  mm  on  the  inside  diameter.  The  quartz  lube 
walls  have  been  thoroughly  covered  with  carbon  deposition  from  previous  diamond 
depositions  using  l?c  CH<  in  Hj  discharges.  The  plasma  is  maintained  by  a  1-3  kW  rf 
generator  at  13.56  MHz.  The  samples  are  located  on  a  graphite  susceptor  just 
beneath  the  rf  coils.  The  system  is  equipped  with  a  quadrupole  mass  spectrometer 
for  sampling  of  gas  flux  from  the  plasma  tube. 

During  deposition,  the  pressure  was  maintained  at  5.0  Torr  using  25  seem  of  H- 
and  2  seem  of  CF^  pumped  through  an  automatic  control  butterfly  valve.  The  sam¬ 
ples  were  maintained  at  —  850* C  u.sing  both  inductive  heating  of  the  graphite  sus¬ 
ceptor  from  the  rf  coils  and  radiative  heating  of  the  susceptor  from  a  graphile  resis¬ 
tive  heater.  The  plasma  is  maintained  for  the  duration  of  the  growth  via  induriive 
coupling  of  approximately  2000  W  from  the  rf  generator.  The  deposition  lime  was  3 
hrs  for  the  samples  reported  herein.  Monitoring  of  the  gas  flux  from  the  plasma 
tube  during  deposition  shows  that  the  parent  gas  mix  of  CF<  and  H.  is  converted 
into  HF  and  CjHj.  No  fluoromeihane  groups  were  observed. 

3.  RESULTS  AND  DISCUSSION 

I'pon  rer.ioval  from  the  reactor,  films  showed  dense  niirlealion  of  diamond  over 
the  unscratched  Si  surfaces.  Scanning  electron  micnwiopy  (SEM)  micrographs  from 
sample  No.  1  are  shown  In  Figure  1.  M  lower  magnification,  there  is  some  thickness 
non-uniformity  to  the  deposited  layer.  This  may  he  a  consequenee  of  diamond 
nucleation  having  occurred  locally  at  different  limes  after  initiation  of  the  discharge. 
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(c)  15.0nm  (d)  1.00  Jim 


1  itVHf  1.  Scanning  clfclron  micrographs  of  sample  No.  1:  (a),  (b).  (c)  are  progres- 
■ivcly  hip, her  niagniricalion  %iews  of  ihc  polyrryslalline  »liamon<l  surface;  (d)  is  a 
niicroprapli  of  a  cleaved  cross-scclion  showing  some  inierfacial  roughness  between 
the  diamond  layer  and  the  silicon  surface. 
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\t  inagnifirulH»i.  ail  frat  tirc;*  r.how  wrti'<l>-fin*  3  fa  <  l:-  w^ilh  a  >>r(*ad  ■Jir.lribt; 

:;t!n  in  I’rain  sizr.  I'it’nrc  U«l)  :  hows  llu;  rlfavr-!  rfir-  friiofi  tni'Toffraph  of  sample 
No.  1.  Du-  Hi.amonii  Him  is  I  /iin  in  ihtrkntv,.  Thf  sfriirinal  micrograph 
,i!so  -hows  that  the  silicon/diamoiid  interface  is  non  planar;  initially  suggesting  that 
the  Si  surface  was  choniically  etched  prior  to  diamond  nuclealion  and  growth.  Inj. 
lial  ( rora-section  TEM  results  show  that  the  diamond  film/subsirale  interface  is  in 
fact  relatively  planar,  but  an  irregular  thickness  region  in  the  substrate  has 
developed  between  the  bulk  Si  single  crystal  and  the  diamond  film.  The  irregular 
region  is  also  found  to  be  amorphous.  Further  TF.M  studies  of  the  diamond 
rdm/subslrate  interfacial  material  and  the  nuclealion  process  are  underway.  SEM 
micrographs  of  sample  No.  2  are  shown  in  F'igure  2.  This  sample  was  also  depoaited 
with  a  8%  CF^  in  Ho  gas  mixture.  The  surface  topography  and  crystallite  size  vary 
from  sample  to  sample,  but  nearly  the  entire  surface  of  the  as-received  silicon  wafers 
show  dense  diamond  nuclealion. 


Figure  2.  Scanning  electron  micrographs  of  sample  No.  2  :  (a)  and  (b)  are  different 
magnifications  of  the  polycrystalllne  diamond  surface. 


Chemical  determination  of  the  films  was  accomplished  with  x-ray  pholoelectron 
spectroscopy  (XPS).  The  XPS  shows  principally  carbon  present  with  some  oxygen 
contamination  probably  from  air  transfer  from  the  deposition  system  to  the  surface 
analysis  unit.  It  is  significant  to  note  that  no  Si  was  observed  in  the  films.  It  is 


40 


t‘i  iiiiif  t’i.'ii  ttfi  flM  ifiiit'  wiL'i  obr.f rv«*-j.  Oin*  th»l  ihf 

;u<n  i‘(  linmnud  from  a  flnt.iorarbon  Miurcp  wor.l.l  rrMiii  it)  fluorine  Urmioktion  of 
!hc  growth  roirfare.  At  ihr  growth  ifinpernttires  of  850 'T  ^-mployed  io  tbU  work. 
A,  rk  by  [■■rroimnn  and  Sinnspring*  have  shown  that  fluorine  does  not  reside  on  t 
(iiainond  (1(50)  surface.  Furthermore,  in  the  atomic  hydrogen  envircnmeol  pnxluced 
by  the  high  power  rf  discharge,  any  surface  fluorine  is  energetically  favored  to  be 
I’xir.acted  from  the  surface  via  the  formation  of  FfF.  Electron  energy  loss  sbems  the 
Mirtace  of  the  film  to  be  diamond.  The  bulk  and  surface  plasmons  of  diamood  are 
rb.served.  The  graphitic  plasmon  (6  eV  from  the  primary  beam)  was  not  observed. 
Char.acicrir.iic  Raman  spectra  arc  shown  in  Figure  3  for  the  samples  No.  1  tod  No. 
3.  The  Raman  spectrum  from  each  of  the  samples  shows  a  clear  1332  cm"’  diamond 
longitudinal  optical  (LO)  phonon,  and  each  spectrum  shows  a  broad  feature  around 
|.5(X)  cm  The  broad  feature  is  a.ssociated  with  non-diamond  material,  perhaps 
residing  belweeu  the  grains. 


Figure  3.  Raman  spectra  from 
polycrystalline  diamond  deposi¬ 
tion  on  as-reeeived  silicon  sur¬ 
faces:  (a)  is  the  spectrum  from 
sample  1.  and  (b)  is  the  spectrum 
from  sample  .No.  3. 


4.  CONCLUSIONS 

In  conclusion,  a  plasma  based  process  involving  H2/CF,  which  promotes  dense 
nucleation  and  growth  of  polycrystalllne  diamond  Films  on  as-received  Si  wafers  has 
been  demonstrated.  Mass  spectroscopy  of  the  gasses  downstream  from  the  plasma 
tube  show  that  the  H./CF,  mixture  is  converted  to  HF  and  CjHj  with  no  detection 
of  any  fluoromethanes.  The  layers  were  characterized  and  determined  to  be  dia¬ 
mond  by  Raman  spectroscopy,  x-ray  photoelectron  spectroscopy,  and  electron 
energy  loss,  SEM  obsen'aiions  show  the  grain  sire  to  vary  from  500  to  10.000  A. 
Without  the  necessity  of  surface  pretrealmenis  for  the  growth  of  diamond,  it  is  anti¬ 
cipated  that  this  technique  will  find  broad  application  in  heteroepltaxial  studies, 
optical  coatings,  tool  coatings,  and  other  areas. 


41 


Xt^nauirdgmrnfs:  r!i<-  uiiliKf'  Hi«th  t<i  .irkfr.wiixlj’*-  iU<-  s»i|*pt;n  «.f 

(fir  MratPtU''  Defense  Initiative  OrRani/ation  /  ItiriMi, alive  ;ei,fe  and  Technolnny 
ihroiiRli  the  Office  of  Naval  heseareh.  (\.i(iraet  No,  N-(X)ii|  i-N&<(’-Oino.  Tlie 
authors  also  wish  to  thank  Dr.  T.  P.  Ilnmfihrevs  an.|  l)r.  |{  J.  Nrnianieli  at  North 
»  »roiin!i  Stale  I’niversity  for  Kuman  analysis. 

£».  RKFERENCES 

1.  D.  Derjaguiii  and  V,  Fedoseev.  Russ.  Chem.  Rev.  3'J.  7H3  (1070). 

*J.  S.  Matsumoto.  Y.  Sato.  M.  Kamo,  and  .N.  Setaka.  Jpn.  .1.  ,\ppl,  Phys, 

■Jl.  183  (10S2). 

3.  >  .  Hirose  and  Y.  Teresawa.  .Ipn.  J.  Appl.  F’hys.  25. 1.51  (I0S6). 

I.  M.  Nakazawa.  T.  Nakashima.  and  S.  Seikai.  Appl.  Phy**.  I.Mt.  -15.  823  (198-1). 

■*.  M,  Kamo.  Sato.  Matsumoto.  and  N.  Seinka.  .1.  Crysi.  (irnwih  62. 

'H2(1083). 

fi.  S  Matsumoto.  M.  Hire,  and  T.  Kohayashi.  .\|’pl.  Phys.  Lett.  51.  737  (1987). 

7.  K.  Kurihara.  K.  Sasaki.  M.  Kawarada.  and  N.  Koshiro.  .Appl.  Phys. 

Lett.  52. -137  (1088). 

H.  .Andrew  Freedman  and  Charles  D.  Steinspring.  .Appl.  Phys.  Lett. 

.•i7.  1101  (1900). 


42 
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xDcnse  nucljtttim  ^sn^>grajn,po]ycf)st^]!ne  diamond.lilms  on  Si(lbO)  su^tntes  has  been 
accomplished  witl^t  the  use  of  any  surface  pretreaimeni  such  as  abrasive  diamond 
scratching,  surface  ml  tr^tments,^  or  dtamcmddike  ^rbon  predeposition.  Diamond  depositions 
occurred  in  a  low'fwessure  rf  plasth^*^i&t^  chemical  vapor  deposition  system  using 
-mixtu'im  of  CF4  ^  HyFItms  deposit^  aV5  Toirf  ahd'8SpA*C  on  as-rec^ved  silicon  wafers  - 
'Show  dttiW  nucleatkni,  well-d^ned  facets.'ahd  crystalHtes'whlch  ranged  in  size  from 
'500  tO'lOOOO  A.  X^ny  photwIiKtron  sp^f^^py  and  electron  energy  joss  show  the  films  to 
bt  diamond.with  m  ma^r  impurity  and,M  detecuble  graphitic  component/ Raman 
spectro^py.  shows  a  pronoun^  1332  cm" '  line  ac^m^fed  with  a  broad  band  centered 
.about  iSM cm"*; 


'Growth  of  polyciystajjine  diamond  from  the  gas  phase 
at  pressures  near  and  Mow  atmospheric  pressure  has  ^n 
vseirdMumented  and  reponedj*’  Techniques  for  diamond 
deposition  have  invofved  microwave^plasmas,  rf  pl^nias. 
hoi:filamcnti.arc  Jets,  rf  plasma  torches,  and  acetylene 
torched  Typically,  ihe.sourcc  g^-have  been  hydrogen 
with  dilute  concentrations  of  hydro^rboh.  It  has  been  ob* 
^rved  that  (l)'diamond  nucleates  well  on  itself  and  cubic 
.boron  nitride,  (2)  scratching  of  nondiamond  surfa^  with 
diamond  abrasive  enhan^  the  diamond  nucleation.  and 
(3)  diamond  depo^tion  without  surface  pretreatmehts 
such  as  scratching,  oiling,  or  diamopddike  carbon  de^i* 
tion  does  occur  but  at  a  redu^  nucleation  rate.  Without 
-.the  surface  pretrratments,  deposition  of  thin^.continuous 
’diamond  films  is  not  p^ibl^ 

In  this  letter,  we  report  a  technique  for  the  deporition 
of  diamond  onto  Si  subst  ratra  without  any  pretreatment  of 
thtwafer  prior  to  its  insertion  into  the  growth  reactor.  The. 
process  has  potentjal  appliation  in  the  dep(»jtton  ofdia’ 
mond  for  heteroepiuxial  groMh,  tool  coatings,  and  optical 
coatings,  whereby  dense  nucleation  is  needed  to  promote 
epitaxial' registration,  chemical  adherence,  and; optica) 
transmission,  respectively.  More  fundamentally,  .under* 
standing  the  chemictK  process  differences  betw^  tradi* 
tional  CH4  in  H]  plasmas  which  do  not  promote  nucleation 
and  the  CF4  in  H]  plasmas  used  in  the  present  work  which 
do  proinote  diamond  nucleation  rhay  permit  the  mecha* 
nisms  of  diamond  heteronudration  to  ^  flucidatdJ. 

The  dense  nucleation  of  pblycrystalline  diamond  was 
accomplished  in  a  low*pre$$ure  rf  plasma^assist^  chemical 
vapor  deposition  system.  A  schematic  of  the  system  is 
shown  in  Fig.  1.  The  reactor  consists  of  a  inductively  cou* 
pled  plasma  tute  vacuum  pumped  by  a  1000  //$  turlwmb' 
lecular  pump.  The  plasma  tube  is  a  water-cooled  quartz 
jacket  of  —SO  mm  inside  diameter. -The  quartz  tube  walls, 
were  thoroughly  covered  with  carbon  dep(Kition  using  1% 
CH4  in  H2  discharges  prior  to  this  work.  The  plasma  is 
[^'fitained  by  a  1-3  kW  rf  generator  at  13.56  MHz.  The 
samples  are  located  on  a  graphite  susceptor  Jusi  beneath 
the  rfcoils.  The  system  is  quipped  with  a  quadrupole 


sp«trbmcier  for  sampling  of:  gas  flux  from  the  plasma 
lube. 

During  deposition,  a  pressure  of  5  0  Torr  was  main¬ 
tained  using  25  seem  of  H2  and  2  scerh  of  CF4  pumped 
through  an  automatic  control  butterfly  valve  into  a  turbo- 
molecular  pump.  The  samples  were  maintained  at  —  8S0  *C 
using  both  inductive  heating  of  the  graphite  susceptor  from 
'the  rf  coils  and  radiative  heating  of  the  susceptor  from  a 
graphite  resistive  hrater.  The  plasma  was  rnaintairied  for'3' 
h  via  inductive  coupling  of  approximately  2000  W  from  the 
rf  generator.  Monitoring  of.the.  gas  flux  from  the^plasma 
tul^  during  the  start  of  dep^ition  shows  tha  the  parent 
gas  mix  of  CF4  and  H2  is  converted  into  HF  and  C2H2.  No 
ftuorpmethane  groyps  were  obwrved.,  !t  is  important  to 
note  that  these  are  equilibrium  products  after  the  CF4-H2 
gas  mixture  has  pass^.ihrough  the  discharge.  In  the  dis¬ 
charge  region,  there  are  undoubtedly  atomic  .hydrogen, 
atomic  fluonne,  and  a  mix  of  fluorocarbon  radicals. 

The  diamond  films  showed  dense  nucleation  on  the 


-  FIG.  t .  Schmuue  of  tow-pressure  rf  pUsnu-ssststed  chemica]  vapor  dep- 
osiiton  system. 
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FIG.  2.  Scanmni  ckctron  micr^raphsof  umpk  No.  I:  (a),  (b).  (<)  ffe 
progre^velyluiber  magnification  vv«-s  of  the  potycrysiallihe  di^ond 
tuVaccT  <d)  »  a  'micfogfaph  of  'a  skaved  aectioa  sbo«ing' some 
.mterfacid  lough^  **<*<*?  the  dtamo^  Uyerand  the  silicon* Wace. 


FiO.  2  Scanning  eWtrm  inicrosraphs  of  iampics  No  2  , and  No  J  (a) 
and  (b)  ait  dilTerent  magnifications  of  the  polycrystallme  diamond  stir* 
face  for  sample  No.  2.  (e)  and  (d)  are  different  magnifications  of  the 
poIycrystaOme  surface  for  umple  No.  3.- 
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Si(lOO)  suHaces.'- Scanning  electron  microscopy  (SEM) 
micrographs  from  ‘simple;No.:l  are  shown  in  Fig'.-2.  At' 
lower  mapiScalion,'  there  is  some  thickness  nonunifoTOity 
to  the  deposiietJ  layer.  Tlihmay  be  a  consequence  of  dia¬ 
mond  nuckation  having  occurred  locally  at  different  tiine 
after  initiation  of  the  dischwge.  At  higher  magnification, 
all  features  'show  well-defined  facets  with  a  broad  distnbu- 
t'ion'in  c^tillite  size.  Figure  2(d)  shows  the  cleaved 
cross-section  micrograph  of  sample  No.  1.  pie  diamond- 
film  is  /im  in  thickness.  The  silicon/diamond  interface 
is  ndnplanar  suggesting  that  the  Si  surface  was  chemically 
etched  prior  to  diamond  nuclealion  and  growth.  Etching  of 
the  silicon  surface' probably  occurred  due  to  production  of- 
atomic  fluorine  from  plasma  dissociation  of  the'  CF..  SEM-; 
micrographs  of  two  . other  samples  are  shown  in  Fig.  3. 
These  samples  were  also  deposited  with  a  8%  CF.  in  H. 
gas  thixture.  The  surface  topography  and  crystallite  size 
vary  from  sample  to  sample,  but  all  samples  showed  dense 
diamond  nucleation. 

Chemical  analysis  of  the  films  svith  x-ray  pholoelec'lron 
sp«trbscdpy  (XPS)  shows  principally  carton  present  with 
some  oxygen  contamination  probably  from  air  transfer 
tween  the  deposition  system  and  the  XPS  unit.  No  Si  was 
observed' in  the'films.-  It  is  interesting  to  note  that  fluorine 
was  observed  bound  to  the  surface  rarbon.'Figure  4  shows 
a  high-resolution  XPS  wan  of  the  C  Ij  line.  It  shows  both' 
C-^  bonding  at  285  eV  and  C— F  bonding  at  288  eV.  The 
fluorine  bonding  to  the  diamond  may  be  present  during 
growth,  or  it  could  possibly  arises  from  residual  rontami- 
nation  of  the  surface  upon  termination  of  the  rf  discharge. 
At  the  growth  temperatures  of  850 ‘C  employed  in  this 
work,  Freedman  and  Sleinspring*  have  shown  that  fluorine 

Xppl  Phys.  Lett,  Vbl.  59.  No.  y.  12  August  1991 


does  riot  reside  on  a  diamond  (100)  surface.  Furthermore, 
in  the  atoiriic  hydrogen  environment  produced  by  the  high- 
power  if  discharge,  any  surface  fluonne  would  likely,^  'J 
extracted  from  the. surface  via  the  formation  of  HF  In¬ 
deed,  Simko.er  al.  have  observed  that  hydrogen  discharges 
can'fciriove  fluorine  from'fluorocarbori  residues  on  St  sur-  1 
faces  following  reactive  ion  etching.’  Electron  energy  loss 
shows  the  surface  of  the  film  to  be  diairiond.  The  bulk  and 
surface  plasmons  of  diamond  are  observed.  The  graphitic  ^ 
plasmori  (6  eV  from  the  primaiy  beam)  was  not  observed  j 
Characteristic  Raman  spectra  are  shown  tn  Fig.  5  for  sam¬ 
ples  Nos.  I  and  3.  The  Raman  spectrum  from  each  of  the  ^ 
samples  show's  a'clear  1332  cm~'  diamond  longitudinal  i 
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FIG.'  S '  Raman  specui  (tcm  polyc^taUine  diamond  deposition  on  a&> 
received  silicon  surf^'  (ar>i  (Ik  sjxct  rym^'from  sample  No.'l.  and  (b) 

K  theVpectruffl  from  sample  No.  3. 

.oplicai  (LO)  phonon., and  each  s^trum  shpvv$  a^brbad 
fcaiurc  centered  al  1500  cm"  The  broad  future  u  asso* 
elated  with  nondiarnond  material-thai  is  pfrKaps  residing 
between  the  grains.  The  full  width'  at  half  maximum 
(FWHM)  values  of  tK^l332  cmT*  lines  for  the  diamohd_ 
fiims,>tre  around  7  cm  "  is  hot  clwr  whether  the  laVgc 
FWHM  is^ue  to  the  small  crystallite  size  or  due  to  defats  ^ 
or  impurities  irt  the  diamond.  It  Is  quite  probable  that  $u&  _ 
staniial  impurities  below*  the  dct«tion' limit  of^he  XPS* 
could  be  incortMrated  from  rector  fixtures. 

'in  conclusion,  a ‘plasma«bas^  process  has.been.demr 
'bnstrjated  which  promotes  dense  nucleatidn  and  growth  of 
^lycrystalline  diamond  films  dh  as^received  St  wafers.  The 
process  has.bccn  demonstrated  w;th'8%  CFj  m,H2  dis¬ 
charges.  It  is  noted  that,  in  reactive  ion*etching  processes, 
concentrations  of  Hj  exceeding  42%  in  CF4  result  in  poly¬ 
mer  de^ition  on-silicon  wafers.*®  The'  process  report^' 
-here  at  higher  hydrogen  concentrations  and  at  higher  dep- 


>-'Ositiohitcmpc^ur«rr«ulW'in:diamdnd.’de 
layers. wcrc-charactcrized  and  determina  te  be  diamond 
'  by.Raman  sp^tro^py,  x-ray  photoel^tron  sp^tro^py. 
amd:;e]ectrori'energy'I6s$.  SEM-o^mtidns  show  the 
.  grain  size  to  vary  from  500  to  10  000  Mass  spectroscopy 
of  the,gases  downstream  frqrn'the  plasma  tute  shows  that 
tKe.H2/CF4. mixture  is  converted  to:HF/ahd  ^2^2*  No 
fluorbmetKane  grou^  were  detected^^in.the  gas  stream 
downstream'  from  the'.plasnia.  Undoubtedly^  there  are 
many  reactive  radical  spiles  in  the.plasma' discharge. re¬ 
gion.  These'  species  arc  contr^uting  id  the  stabiir^tidn  of 
the  diamond  phase'at  .CF4-cbncent.ratiqns  mucH  higher 
than ’the  CH4  concentrationcthat^is'commqnly/u^.for 
thaniond  growth  in' hot-hlainent.tihrcrowave' plasma;  or  if 
:'plasfha  technique.  ^Without' the.  necessity  of  surface  pr®* 
Htreatm'ents  for  the  growth  of  diamond;  it  is  antiejpat^  that 
this  technique  will  find  broad  application  in  heterMpitaxial 
studies,  optical  coatings,  toofeoatings/and  other  arm 
^^Thc  authois  wish  to  ack’nowl^ge  the  financial  support 
of  the  Strategic  Defense  InUiatiye/Inribyatiye  lienee  and 
Technology  Office  through’the  Office  of  Navaf  Research, 
contract  Nq.;N:00014-86-C*p4W.‘The  authors  also  wish  to 
thank  Dr.  T.  P.  Humphreys, aiid  Dr  Rl^  Ncmanich  at 
North  Carolina  State  University  for  Raman  analysis,  and 
D.  P.  Malta  for  SEM  analysis. 
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Abstract 

\  tncthis!  has  been  discovered  for  enhancing  di'iZ  :.d  nucleation  without  using 
any  mechani<'al  treatment  to  the  surface.  We  have  o:-*'  ed  that  the  presence  of  gra¬ 
phite  nbers  tangential  to  a  siibstr-ite  surface  greatly  -;i.ances  the  nucleation  of  dia¬ 
mond  crystals  immediately  underneath  the  fiber.  Diar.:i;  growth  has  been  observed 
along  lines  and  in  small  clusters  replicating  the  grapf  -  '“.ber  pattern  following  expo¬ 
sures  of  unscraiched  silicon,  nickel,  and  fused  qua.  *  •  .i-i rales  to  2%  CH^  in  Hj  rf- 
dijcharges. 


1.0  INTRODUCTION 

One  of  the  foremost  problems  a-^Jrfssing  the  diin  i  d  comt., unity  is  the  under¬ 
standing  of  diamond  nucleation  on  non- diamond  subs’ Typically,  workers  depo¬ 
siting  polycrysialline  diamond  enhance  the  diamond  t .  •  ealion  by  abrading  the  sur¬ 
face  with  diamond  polishing  compound.'"^  The  exact  r  -  ;f  the  diamond  polishing  has 
not  been  resolved.  Polishing  with  non-diamond  abrv  -s  also  enhances  nucleation. 
but  the  enhancement  is  not  as  pronounced  as  with  iL-  ;  -mond  paste.  The  polishing 
compound  could  either  create  defect  sites  upon  wh;  -  ’ie  nucleation  can  occur  or 
leave  small  diamond  particles  on  the  surface  upon  wi.  monolithic  diamond  growth 
can  occur.  Recent  results  indicate  that  the  latter  “-:banlsm  may  predominate.^ 
indeed.  Gets  has  purposely  purposely  attached  diamti:  seed  crystals  to  silicon  sur¬ 
faces  for  the  growth  ol  textured  polycrysialline  mater’-  For  applications  of  diamond 
thin  films  to  many  substrates,  the  abrasive  polish  is  ut.-’ -piable.  Such  abrasive  polish 
degrades  the  performance  of  the  diamond/substrale  d-  principally  through  damage 
to  the  substrate  subsurface  induced  by  the  mechani  _  .••.dish.  We  report  here  on  a 
technique  for  enhancing  diamond  nucleation  wlthou’  .  necessity  of  a  mechanical 
treatment. 
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2.0  i.x!m;kimi-:ntal  kksi.lts 


\\»*  ha\f  oltxTvi'.l  ihai  th«-  i.rcsorH'**  .,f  nittr'.  (aarji-ntial  a  ••iJ.Mra!*- 

Mirra-’i-  ^really  pnh.ancr-  the  niiclcation  of  diamond  rfv^jals  immediately  underrieatli 
the  niier.  Note  the  fibers  were  merely  placed  on  the  surface:  no  abrasion  was  used.  Sil¬ 
icon.  nickel.  fu»cd  silica,  and  cryMalline  quartz  substrates  thus  "fiberized"  show  dia¬ 
mond  Rrowth  alonR  lines  and  in  small  clusters. 

Depositions  occurred  in  a  low-pressure  rf-plasma  assisted  chemical  vapor  deposi- 
tion  I'vsiem  that  h.xs  been  used  previou.sly  to  grow  polycrystalline*  and  hom(M>pit axial* 
diamond  films.  In  this  work,  various  substrates  were  inserted  into  the  reactor  without 
any  diamond  polishinf?  or  surface  treatments  other  than  placinf-  the  ftraphite  fibers  on 
the  substrates.  The  fiber*  used  in  this  work  were  taken  from  a  yarn  of  material  c-)m- 
po«ed  of  /im  diameter  icbon-craphite  fiber*.  The  carbon  fibers  are  not  c.uni  >  ‘''d 
of  hiithly  '  r;-nted  uraphiti.  Cirowihs  on  the  ••ubst rales  occurred  at  pres.sure  of  Torr 
in  a  2'7  f'M|  in  H,.  atmosphere.  The  substrate  temperature  during  growth  wa.*  njtproxi- 
maiely  800* C.  .\s  shown  in  Figure  1.  the  deposition  patterns  on  the  substrates  mimic 
the  placement  of  graphite  fibers  on  the  substrates  prior  to  diamond  growth.  Diamond 
deposition  on  the  substrates  underneath  the  fibers  show  clear  facetting  with  lines  of 
individual  crystals.  Each  line  consists  of  colinear.  contiguous  crystallites.  Other  a.'ca.* 
show'  dense  diamond  nucleation  ‘;nd  nearly  a  continuous  diamond  film  with  clearly- 
defined  facets.  These  area.*  are  llXl-500 /jm*  in  size.  It  is  suspected  that  a  cluster  of 
fibers  existed  over  that  area  during  deposition.  Cleaved  sectional  analysis  of  the  col¬ 
inear  crysialliKs  does  not  show  the  presence  of  an  inner  graphite  core.  The  ery«-t:»ls  on 
Si  wafers  strongly  adhere  to  the  substrate.  The  cleavage  process  frequently  left  pi!*-  on 
the  Si  surface  where  presumably  a  diamond  crystallite  had  been  removed  by  t!  frac¬ 
ture,  Hence,  the  linear  diamond  growth  on  the  substrates  cannot  be  attributed  i  » .lia- 
mond  deposition  on  a  fiber  resting  on  the  surface  of  the  substrate. 

Many  of  the  fibers  following  exposure  to  the  H,.  -  CH4  discharge  show  den<-c  rin*- 
ters  of  fine  erain  polycrysialline  i'amond.  .>ome  fibers  such  as  the  one  as  shown  in 
Figure  1  are  completely  enclosed  with  this  fine  grain  diamond.  Other  fibers  arc  void  of 
diamond  deposition.  The  fibers  do  not  appear  to  have  been  seriously  etched  by  the 
atomic  hydrogen  ambient  present  from  the  rf  discharge.  We  do  not  currently  under¬ 
stand  w  hy  some  fibers  do  nucleate  diamond  well  and  why  other  fibers  do  not.  One  pos¬ 
sibility  is  that  fibers  in  the  yarn  structure  are  masking  each  other  or  enhancine  the 
growth  on  nearby  fibers. 


3.0  DISCUSSION 

Dense  diamond  nucleation  has  been  observed  on  as-received  substrates  in  patterns 
mimicking  the  placement  of  the  graphite  fibers  on  the  surface  prior  to  diamond 
growth.  Cleaved'Sectional  analysts  of  coHinrar  crystals  on  the  silicon  surface  does  not 
show  the  presence  of  an  inner  graphite  core  (be.  the  fiber  is  not  embedded).  Some 


On  AS'Roccived  Si  Wafers 


On  A  j-Hcccivcd  Si  Waters 


On  As-Received  Si  Wafers  On  Fiber 


rjif-,  V. !ni<  ■  fii rU'iii iiti!,  Is'  III'-  *>ii  tin-  afnl  cry^lal- 

iiut-  >pt,iri;  ■ ’ibr I f  tWrt.  itho  iiiir|c;iif  urow  *>-riif.nal  iinal>'i?>  i»f 

iIhw  c  •«how  ih**  prc-.i'n'T  of  an  r<fi«T.  Hfficr,  thf*  fih^r  hau* 

not  lirfii  conNofted  to  diamond.  Many  fdo  m  ?h<m  no  rvidfn<*f  of  >iiamond  growth. 

riif  rxact  role  of  the  graphite  Tiber  in  enhancing  diamond  nurleation  ha»  not  been 
ahvdnirly  defined.  One  ponsibilily  is  that  the  presence  of  the  fiber  is  effeeling  the 
local  ga.s  pha.se  chemistry  nearby  the  fiber  so  as  to  enhance  the  nuclealion.  .Vnother 
possibility  is  that  the  fibers  are  merely  sources  of  local  carbon  contamination  to  the 
Mibslrnte  surface,  and  therefore,  the  diamond  growth  on  those  surfaces  comes  from 
Mimll  graphite  clusters  transported  to  the  growth  surface  by  the  deposition  process.  If 
this  were  the  ca.'e.  then  one  would  expect  the  fibers  rich  in  graphite  would  all  show 
diamond  nuclealion.  l•■nrlhc^nK»re.  the  morphology  of  the  diamond  grown  on  the 
' a!  >traie  and  the  •iiamond  gr-'wii  on  tti<  fiber  ‘liould  be  Ntnilar  (both  growing  from  a 
.  aininii  ••red),  This  is  not  ii»e  caM*.  Tbus.  tin-  graphite  fibers  {•rimary  role  would 
•i  rm  to  be  in  altering  the  gas  pha.se  chemistry  local  to  the  !.ubslr.ate. 

Fhe  authors  wish  to  thank  SDIO/IST  for  financial  support  of  this  program 
through  O.NR  Contract  No.  NOOOM-fiS-C-OdbO.  The  authors  wish  to  thank  Daniel  Nei- 
•■on  at  I’lber  Nhterials  Inc..  IViddeford.  Maine  for  supplying  the  fibers  for  this  expert- 
iiifntal  work. 
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ABSTRACT 

Kpilaxiat  diamond  overgrowth  on  Si  patterns  on  natural  diamond  subttrattt  has 
I  rrn  drmonstraied  using  low  pressure  rf  plasma* assisted  chemical  vapor  deposition 
I'hr  plasma-iosisted  technique  uses  a  I3.S0  MHt  rf  generator  and  inductire  coupling 
to  excite  ga-s  mixtures  of  Hj.  CH<  and  CO  at  a  reduced  pressure  of  S  Torr.  The  over- 
crowth  was  approximately  isotropic,  extending  over  the  Si  pattern  by  0.45  pm  and 
ill  «xe  the  si  layer  by  ().,S0  pm. 

INTRODUCTION 


The  thermal  and  electrical  properties  of  diamond  make  it  an  excellent  candidate 
fur  high  speed,  high  power  transistors.  A  number  of  significant  problems  must  be 
•  vercome  before  the  potential  of  diamond  can  be  realised.  These  problems  include 
thr  unavailability  of  n-type  dopants  and  the  lack  of  a  suitable  substrate  for  beteroep- 
itaxy.  However,  a  number  of  useful  devices  can  be  fabricated  with  epitaxial  p*type 
layers.  Grot,  tl  at'  have  reported  the  fabrication  of  an  insulated  gate  field  effect 
transistor  (a  depletion  mode  device).  Otheit*^  have  reported  Sehottky  diodes  and 
Schottky-gate  field  effect  transistors.  The  development  of  sny  msurisi  to  its  full 
electronic  potential  depends  critically  on  the  support  technologies  such  as  metsllisa* 
tioD.  etching,  epitsxy,  pasaivstion,  etc.  to  silicon  microelectronics.  sclccted*sres 
growth  is  now  allowing  the  fabricatbn  of  sopbisticaird  three-dimensional  devices*-*. 
In  Ga.5s.  selected-trea  growth  is  found  to  pin  substrate  defects  to  the  area  of  epitax¬ 
ial  growth  above  the  original  seed  window.  Few  defects  are  observed  to  propagate 
into  the  epitaxial  overgrowth*. 

We  report  here  on  the  successful  epitaxial  overgrowth  by  diamond  of  Si  patterni 
ihsi  were  lithographicsJly  defined  on  natural  ditmond  (100)  substrslcs.  Given  the 
difficulty  of  diamond  nucleition  on  noa-dlsroond  materials,  the  selectivity  for 
horoocpitsxial  growth  on  the  exposed  diamond  seems  assured.  The  ehalltnie  b  then 
to  have  s  mask  material  that  1 1  does  not  dissolve  rapidly  under  the  atomic  hydrogen 
ambient,  and  2)  does  not  spontaneously  nurlesle  diamond  growth  which  would  not 
be  In  registry  with  the  advancing  diamond  growth  front  that  b  propngntiag  across 
(he  mask.  A  polyrrystsllinc  Si  mask  was  uwd  for  ihb  study.  Previtws  work  in  the 
low-pressure  rf-pissnia  assisted  chemical  vapor  depceition  system  had  always  used 
.•rratched  Si  substrates  for  polycry-stsHine  diamond  growth.  Deposition  on  Si  wafers 
which  had  not  been  diamond  scratched  produced  only  a  few  scattered  particles  of 
diamond.  The  nuclration  density,  thus,  it  very  low  In  tbb  deposition  sysltm  for 
unsrrttched  Si.  kMiile  Si  does  dissolve  under  an  atomic  hydrogen  enviroomtat,  the 
rrariion  rate  derrenses  with  Increasing  lempenture*.  A  slow  dtasolving  of  the  mask 
mai'fiat  might  be  beneficial,  allowing  earl)  at agra  of  carbon  nueleatloa  on  the  Si 
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tlif.iri  ■»  I  *  !<i'  iiti.lrffm  l»v  ;»!!  .ilmnir  hviirocrii  rt  *  In  mir  Mudv.  »i*>  observed  llinl 
1  iK  ininally  -ItX)  A  Ihirk  M  nia>k  .lid  disMiUr  f.rojuring  sm»ll  arras  of  homoepitanial 
,'.MVkth.  ('oiisrqiirntlv.  a  .'(KXl  A  iliirk  Si  m».'k  ».v  employed.  The  thicker  mask  did 
(loi  di:..solve  durinit  the  growth.  Some  spontitneous  diamond  nucleation  was  observed, 
but  the  density  of  nucleation  wa.s  low. 

EXPERIMENTAL  RESULTS 

* 

Details  of  the  low*pressure  rf-plasma  a»isted  chemical  vapor  depoaltioo  system 
have  been  described  elsewhere*.  Briefly,  the  system  consists  of  a  I3.S6  MHz 
inductively'Coupled  plasma  assisted  chemical  vapor  deposition  system.  A  gas  mixture 
of  08.8%  Hj,  0.8%  CO  and  0.8%  CH4  flowed  through  a  82.S  mm  quarts  tube  at  a  rate 
of  30  seem  at  5.0  Tore.  A  rf  power  input  of  approxiaauly  1000  W  was  used  to  excite 
the  plasma.  The  eharacteristic  color  of  the  plasma  was  red  owing  to  emissions  fro.m 
the  Dalmer  series  of  atomic  hydrogen.  The  substrate  temperature  wm  estimated  to 
be  800 *C  for  this  work.  The  diamond  substrate  wa?  located  on  a  graphite  susceptor 
located  below  the  rf  coil.  The  susceptor  was  heated  t  ..th  by  induction  currents  from 
the  rf  and  by  radiation  from  a  graphite  resistive  heater  located  underneath  the  sus¬ 
ceptor.  The  diamond  substrates  were  subjected  tu  a  standard  RCA  clean  followed  by 
polyerystalline  Si  deposition  in  a  NfBE  growth  system.  Standard  lithography  was 
used  to  open  holes  in  the  Si  layer  where  homoepitaxial  growth  could  nucleate.  Fol¬ 
lowing  diamond  deposition,  the  samples  were  eharaeierized  using  secondary  electron 
microscopy  (SEM)  and  micro-Raman  spectroscopy.  SEM  showed  smooth  epitaxial 
growth  above  the  window  areas.  This  growth  extended  beyond  the  lithographically 
defined  area.  Figure  I  shows  plan-view  SEM  micrographs  of  the  pattern  used  for  the 
overgrowth  experiments.  The  bright  regions  arc  regions  of  diamond  growth.  The 
dark  regions  are  regions  of  Si.  In  the  higher  magniriration.  one  sees  that  (I)  the  win¬ 
dow  areas  are  extremely  smooth,  (2)  some  spontaneous  nucleation  has  occurred  on  the 
Si  mask,  and  (3)  the  overgrowth  areas  show  a  roughened  edge  due  to  crystal  faceting. 
Crystal  faceting  on  overgrowth  is  a  common  occurrence  in  Si  overgrowth  of  SiO] 
islands.  Figure  I  also  shows  a  cleaved  cross-section  of  this  structure.  The  diamond 
overgrowth  is  proceeding  from  the  right  to  left-hand  s’.de.  This  picture  shows  clearly 
the  faceting  on  the  overgrowth  front. 

Micro-Rar.an  has  also  been  used  to  examine  the  epitaxial  overgrowth.  Figure  2 
shows  a  micro-Raman  spectrum  taken  from  the  regior.  above  the  diamond  window. 
'I'he  spec  rum  shows  a  1332  cm''  diamond  line  with  a  full-width-balf-maximum 
(FWHM)  '.f  3.4  cm'*.  The  FWHM  measured  here  b  at  the  resolution  limit  of  the 
instrument.  The  beam  focus  b  approximately  1  |im  is  spot  size.  Figure  3  shows  a 
mirro-Raman  spectrum  taken  with  the  beam  centered  on  a  region  of  overgrowth. 
This  spectrum  shows  a  1332  em~'  line  with  a  PMUM  of  3.5  cm~'.  very  close  to  the 
3.4  cm*'  taken  from  the  homoepita.xial  growth  above  the  window.  In  contrast,  a 
micro-Raman  spectrum  was  taken  from  one  of  the  diarsond  crystallite*  which  spon¬ 
taneously  nurleated  on  the  Si.  It  shows  a  1.132  cm*'  liut  with  a  broadened  FWHM  of 
.i  cm"'.  The  FWHM  of  5  cm"'  is  what  Is  typically  seen  cn  pol.vcrystalliiie  films.  This 
contrast  in  FWHM  Illustrates  the  importance  of  the  "seed"  in  the  quality  of  the  film 
growth.  Under  identical  plasma  and  growth  conditions,  growth  from  a  diamond  seed 
produces  better  diamond  than  growth  from  a  site  ot.  the  Si  that  spontaneously 
nucleated  Figure  4 . 

Finally,  the  oxrrgrowth  war  elucidated  by  ehemlcsio  etching  the  Si  from  the 
diamond.  Figure  5  shows  SEM  of  a  cleaved  eroavseeilot.  rliowing  diamond  epitaxial 
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Fifare  1.  SEN!  phoiographs  shouins  patifro;  deHnlng  sclrcted  growth.  Bright 
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Figure  1.  Nticro-Kiman  sprcirum  cniirrfd  on  ovrrgrowih  rrRtou. 
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Figure  4.  Microitaman  spectrum  from  diamond  that  spontanrously  nucleated  on 
5=1  mask. 


Figure  I.  SEM  micrograph  of  cleaved-croaa  rectlon  ahowlng  lalcral  evargrmnh. 
The  famplf  hu  been  sputter  coated  «ltb  Pt  to  prevent  charing. 
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»l  ..v<  rKt*''»tli  Till-  ‘.inipk  h:v^  hern  sputlrr-cuAird  wiih  —  l(K)  \  of  Pi  i(> 
prrvrtu  flMfcinR.  I’fic  Irfi  iiholonraph  shows  Ihf  smooth  epitaxial  growth  and  fatei- 
iriR  cn  the  overgrowth.  Noiirc  the  scratches  (remnants  from  polishing)  that  are  on 
the  diamon  i  surface  that  had  been  covered  by  Si  during  the  overgrowth  experiments. 
The  right  photograph  in  Figure  5  gives  a  measure  of  the  lateral  overgrowth.  The 
overgrowth  appears  to  be  isotropically  advancing  by  0.4&  titn  laterally  and  0.50  fim 
vertically. 

CONCLUSIONS 

Epitaxial  lateral  overgrowth  has  been  demonstrated  using  a  low  pressure  rf- 
i  lx«,ma  a.vsisied  chemical  vapor  deposition  technique.  A  2000  A  thick  Si  mask  has 
been  used  to  define  the  diamond  “seeds".  The  Si  shows  some  spontaneous  nuclea- 
lion,  but  the  density  of  nuclealion  is  low.  The  overgrowth  is  isotropic,  extending  over 
the  Si  mask  0.45  /im  and  above  the  m.vk  0.50  pm.  *f>roc  faceting  is  observed  on  the 
overgrowth  areas.  Nticro-Hamm  analysis  shows  the  overgrowth  arras  to  have  a 
FVVI{,M  comparable  to  the  homoepitaxial  layers  deposited  above  the  diamond  win* 
dows  This  was  contrasted  by  a  FWTIM  of  5  cm'*  from  a  polyerystalline  diamond 
that  nucleated  spontaneously  on  the  Si  mask, 
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THERMAL  DESORPTION  PROM  HYDROGENATED 
DIAMOND  (100)  SURFACES 

R.E.  Thomas,  R.A  Rudder,  R. J.  Marhunas 
R^arch  Triangle  Institute,  Research  Triangle  Park,  NC  27709 


ABSTI^CT 

Thermal-  desorption  ^spectroscopy  and  low.  energy  electron  diffraction 
(LEED)  have  been  used  to  study  the  interaction  of  atomic  hydfogen-witb 
tl^  diamond  (100)  surface.  Heating  a  diamond  crystal  in-vacua  readily- 
reconstructs  the  surface  from  a  (1x1)  configuration  to  a  (2x1)  structure. 
Unlike  the  case  for  silicon,  exposure  to  atomic  hydrogen  does  not  easily 
convert  the  surface  back  to  the  (lxl)‘  structure.  Hydrogen  thermal 
desorpiion  peaks  from  the.(2xl).sutface  exposed  to  atomic  hydrogen  at 
1x10'*  Torr  are-seen  at . approximately  9W*C  for  heating  rates  of 
20,*C/sec. -After  exposure  of  the  surface  to  atomic  hydrogen  in  amounts 
in  exc^  of  that  required  to  terminate  the  surface,  10'^  Torr,. thermal- 
-  desorption  -  -peaks-  aSociated-^with  ^  methyl ..  radicals  ■  and  acetylene  are 
observed  in.addition  to  hydrogen.  Upon  further  exposure  at  10  Torr  the 
surface  appe^  to  be -partially  converted  to  a;(lxl)  structure  and  ace¬ 
tylene  desorption  features  are  ho  longer. observed. 


Introduction 

Hydrogen  plays  a  key  role  in  most  .dianrond  growth  . processes  developed  to  .date. 
However,  the  details  of  the  behavior  of  hydrogen  on  the  diamond  surface  are  not  well 
understood.  It  is  thought  to  both.etcb  non— sp*  bonded  carbon,  whicb  may  be  depo¬ 
sited  during  the  growth  process,  and  to  stabilize  the  cubic  structure  on  ihe  growing  dia¬ 
mond  surface  by  terminating  dangling  bonds.  Previous  studies  of  hydrogen  interactions 
on  diaihond  indicate  that  hydrogen  desorbs  from  the  surface  at  approximately  900  *C 
(1,2).  Typically,  researchers  Hnd  that  beating  the  diamond  to  approximately  I000*C 
results  in  the  (1x1)  surface' structure  converting  to  the  (2x1)  surface  structure  (2,3). 
One  might'expect,  as  in  the  case  of  silicooi  the  surface  would  convert  back  to  the  (1x1) 
state  upon ''exposure  to  atomic  hydrogen.  Hamza  et  ah'"  have  observed  the  transition- 
back  to  a.(l.xl).coongutation  on  exposure  to  atomic  hydrogen  but  find  that  on  subse-' 
quent  annealing  the  (2x1)  surface  is  not  recovered  (2). 

In-  the- present  work  thermal  desorption  spectroscopy  and' LEED  were  used  to- 
study  interactions  of  atomic  hydrogen  with  the  diamond  (100)  surface.  Transition's  from 
the  (1x1)  phase  to  (2x1)  phase  upon  annealing  and  from  the  (2x1)  phase  to  the  (1x1) 
phase  upon  exposure  to  atomic  hydrogen  were  studied  with  LEED.  Thermal  desorption 
spectroscopy  was  used  to  determine  desorption  kinetics  and  products  from  hydrogen 
terminated  surfaces. 
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Experimental 

Thermal  desorplioii  spectroscopy,  and  LEED  observations  were  performed  in  a 
stainless  steel  UHV  system.  Base  pressure  was  5x10"'®  Torr  for  the  sample  chamber  and 
IxlO"'®  Torr  for  the  quadrupole  chamber-  The  sample  chamber  w'as  separated  from  the 
quadrupole  chamber  by  a  2mm  diameter,  aperture.  Sample  heating  was  accomplished  by 
clipping  the  crystals  to  a  0.2Smm  thick  molybdenum  resistive  strip  heater.  All  parts 
associated  .with  the  heater  stage;  including  the  clamps  and  current  leads  were  manufac¬ 
tured  from  molybdenum.  The  sample  temperature  was  measured  by  a  0.125mm  diame¬ 
ter  chromel/alumel  thermocouple  in  intimate  contact  with  the  crystal.  The  thermocou¬ 
ple  was  threaded  through  a  hole  in  .one-corner  of  the  crystal,  andThe  thermocouple 
bead  then  held  in  tension  .against  the  crystal-  Two  (100),  5mmx5mmx0.25mm,  diamond 
crystals  were  used  in  the  course  of  the  present  study.  One  of  the  crystals  had  approxi¬ 
mately  .5  microns  of  hompepitaxial  diamond  deposited  prior  to  insertion  into  the  sys¬ 
tem.  Diamond  polishing  of  the  substrates  leaves  fine  scratch  marks  on  the  surface, 
which  previous  work  has  shown  can  be  covered  by  deposition  of  a  homoepitaxial  film 
(•1).  The  homoepitaxial  diamond  was  grown  with  an  rf  discharge  plasma  CVD  process 
using  CH,  in  Hj  as  feedstock.  The  uncoated  samples  were  cleaned  by  hand-polishing 
with  0.25  micron  diamond  grit  and  water.  Following  the  polishing,  the  samples  were 
ultrasonically  cleaned  in  two  series  of  baths  of  TCE,  acetone,  and  methanol.  Between 
solvent  bath  series  the  samples  were  vigorously  swabbed  to  remove  particulates.  Once 
the  samples  were  introduced  to  the  chamber,  no  additional  cleaning  was  performed 
aside  from  thermal  desorption  of  adsorbed  species.  Several  pressure  regimes  were  used 
in  dosing  with  atomic  hydrogen,  which  necessitated  slightly  different  procedures.  For 
samples  dosed  at  pressures  from  IxlO"’  Torr  to  1x10"*  Torr,  the  hydrogen  was  flowing 
through  the  system.  Samples  were  also  dosed  at  pressures  of  10"’  Torr-10*’  Tort  and 
1-10  Torr.-For  these  samples  the  main  chamber  was  sealed  and  hydrogen  was  admitted 
to  the  desired  pressure.  In  all  cases  atomic  hydrogen  was  generated  via  a  tungsten  fila¬ 
ment  operating  at  a  temperature  of  approximately  1500  "C.  The  sample  was  positioned 
approximately  2  cm,  from  the  filament  during  dosing.  The  sample  was  not  actively 
cooled  and  at  the  lowest  dosing  pressures  remained  at  room  temperature.  At  dosing 
pressures  in  the  1-10  Torr  range  the  sample  temperature  rose  to  approximately  125  *C. 
All  thermal  desorption  spectra  were  taken  with  a  heating  rate  of  20 '  C/sec. 

Results 

The  surface  structure  of  the  samples  was  monitored  with  LEED  immediately  after 
introduction  to  the  chamber,  after  dosing,  and  after  thermal  desorptions.  All  samples 
exhibited  a  LEED  pattern  without  annealing.  For  most  samples  this  was  a  (1x1)  confi¬ 
guration.  The  one  exception  was  the  homoepitaxial  sample  which  gave  a  (2x1)  pattern. 
Since  this  sample  remained  at  the  growth  temperature,  800-900 ’C,  while  the  plasma 
and  the  gasses  were  shut  off,  it  is  likely  that  surface  hydrogen  simply  desorbed  and  con¬ 
sequently  the  surface  reconstructed  before  the  sample  was  removed  from  the  growth 
chamber.  Upon  annealing  to  800*C-1006'C  and  for  times  ranging  from  5  seconds  to 
120  seconds,  all  samples  exhibited  some  degree  of  reconstruction  to  the  (2x1)  configura¬ 
tion.  Annealing  at  temperatures  greater  than  approximately  1 100  *  C  usually  resulted  in 
a  degradation  of  the  LEED  pattern.  Typically,  the  second  order  spot  intensity  was 
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reduced!  a^d  the  background  intensity  increased.  In  these  cases  first  order  spot  inten¬ 
sity  usuaJly  remained  strong.  The.quality  of  the  (2x1)  LEED  pattern's  obtained  upon 
annealing  sample  varied  considerably,  and.no  consistent- trends  were  ob^rved  to 
''■account  for.^hc  variability. . 

-Sample  exhibiting  good  reconstructions  were  then  expdsed'to  atomic  hydrogen  in 
an  attempt  to  convert  the  surface  back  to  a  (1x1)  configuration.  Three  pressure  regime 
were,  invetig’ated:  10"®-10  *  Torr,  10"*-10X^  Tofr  and  1-10  Torr.  Only  at  the  higliet 
pressure  studied  were  we  able-,to  partidly  convert  the  surface-back  to  a  (1x1)  state. 

^  Sample  exposed  to  atomic  hydrogen  at  the  maximum  pressuje  showed  only  very  faint 
-second  order  spote.  Annealing  of  these  sample  to  1000*C  restored  the  (2x1)  configura¬ 
tion.  At  the  two  lower^pressure  regime. studied  little'-if  any  change  was  seen  in  the 
(2x1)  LEED'patterns  upon  addition  of  atomic  hydrcgen.  ' 

Given  the  difficulty  in  converting  the  surface  back  to  a  (1x1)  configuration,  all 
thermal  desorption  spectra  were,  perforce;  from  surfaces  that  had  an  indefinite  degree 
of  surface  reconstruction.  The'three  dosing  regime  used  in  the  LEED  study  were  also 
used  in  the  thermal  desorption  ^studies.  Of  the  mssses  monitored  during  the  course  of 
the  study,  (2,13,14,15,16,18,26,27,28,  and  44),  desorption  peaks  were  seen  only  for 
masses  2,15,  and  26. 

Figure  1  shows  a  series  of  hydrogen  desorption  spectra  taken  from  a  hydrogen 
dosed  natural  diamond  surface.  The  sample  was  sibjected  to  atomic  hydrogen  dcses  at 
fixed  pressures  and  for  a  series  of  increasing<times.  A  single  desorption  peak  is  evident 
at  900*0.  Figure  2  shows  a  similar  series  of  hydrogen  thermal  desorption  traces  for  the 
OVD  homoepitaxial  sample  dosed  at  a  pressure  of  3x10**  Torr.  In  this  case  two  closely 
spaced  hydrogen  desorption  peaks  can  be  seen  at  900"  C  and  at  1000*0.  It  is  apparent 
from  both  figures  that  extending  the  dosing  tbue  does  not  result  in  dramatically 
increased  amounts  6l  hydrogen  desorbing  from  the  surface.  We  also  do  not  see  any  evi¬ 
dence  for  a  shift  in  the  desorption  temperature  as  the  coverage  increases.  The  next 
series  of  figures  shows  thermal  desorption  spectra  from  the  OVD  diamond  film  after 
exposure  to  atomic  hydrogen  at  the  three  pressure  regimes  used  in  the  LEED  study. 
Figure  3  shows  that  after  exposure  to  atomic  hydrogen  at  1x10"*  Torr,  hydrogen 
desorbs  at  900*  0  and  perhaps  a  small  amount  of  CHj,  but  little  evidence  of  CjH,.  Fig¬ 
ure  4  shows  the  sample  after  dosing  at  2x10**  Tccr,  a  dosing  pressure  far  higher  than 
what  is  required  to  terminate  the  (2x1)  surface.  At  this  dosing  pressure  we  now  see  clear 
evidence  of  desorbing  methyl  radical  (700*  C)  aad  acetylene  (600  *C).  Although  the 
sample  has  received  an  atomic  hydrogen  dose  far  in  excess  of  what  is  required  to 
saturate  the  (2x1)  surface,  LEED  indicates  the  simple  is  in  fact  still  in  a  (2x1)  confi¬ 
guration.  These  two  species  are  desorbing  in  significant  quantities  compared  to  the 
hydrogen  desorption.  The  hydrogen  desorption  peak  has  broadened  considerably  after 
dosing  at  this  pressure  but  the  peak  desorption  temperature  has  not  shifted.  Figure  5 
shows  the  sample  after  dosing  at  3  Torr  for  2700  seconds.  In  this  case  the  sample  has 
lost  much  of  the  (2x1)  structure  as  seen  in  LEED  but  has  not  fully  regained  the  (1x1) 
surface  structure.  The  hydrogen  desorption  peak  has  remained  at  950  *C.  The  methyl 
peak  has  shifted  to  approximately  800*C  and  the  acetylene  peak  has  virtually  disap¬ 
peared. 


58 


iDiscussion 

Surface  reconstruction  on  the  diamond  (100)  face, has-been  reported, previously 
(2,3).  As  noted  by.  th^e  authors,  the.reconstruction  process.w^  not  always  reproduci¬ 
ble.  For  all  of  the  newly  polished  surfaces  u^d  in  the  present  study,  some  reconstrnc- 
tion  -was  noted  upon  annealing  However,, as  iD.dicated  in  the  results,  section  not  allsur- 
faces-fully  reconstructed.  Field  emission  SEM  indicate  the  starting  morphology  for  all 
the  hand-polUhed  surfaces  was  quite  similar.  If  surf^e  morphology  is  influencing  the 
reconstruction,  it  is  at  a  scale  of  le&  than  lOOOA.  Hamza  et  al.  have  suggnted  that 
adsorbed  oxygen  can  affect  the  ability  of  the  surfue  ,to  reconstruct  (3).  Ex-situ  meas¬ 
urements  of  sanipl«  show  the  presence  of  oxygen  on  the.surface,  some  or  alldf  which 
may.have  been  added  to.the  surface  during  the  air  transfer  to  the  IffS  system.  No  clear 
trend  connecting  the  quantity  of,  adsorbed  oxygen  and  the  quality  of  the  reconstruction 
was  observed.  Other  contaminants  below  the  detection  limit  of  XPS  remain  a  possibil¬ 
ity.  Annealing  at  temperatures  higher  than  required  to  establish  the  (2x1)  structure 
appears  to  degrade  the  surface.  The  (1x1)  pattern  is  still  apparent  but,  as  an  increase  in 
the  background  is  observed,  it  is  likely  that  the  surface  is  becoming  disordered  and  the 
(1x1)  pattern  is  from  the  bulk.  - 

Conversion  of  the  (2x1)  surface  structure  back  to  the  original  (1x1)  structure 
appears  very  difficult.  Extended  dosing  at  high  pressures  is  only  partially  successful  at 
restoring  the  surface.  In  contrast,  silicon  (100)  samples  in  the  same  chamber  and  under 
identical  dosing  conditions  readily  convert  from  the  (2x1)  state  to  the  (1x1)  state  at  dos¬ 
ing  pressures  of  Ixi0"°  Torr  and  at  dosing  times  on  the  order  of  1000  sec.  For  diamond 
samples  in  this  pressure  regime,  we  do  not  see  conversion  even  after  2000  seconds  at 
5x10"'  Torr;  a  dose  10  times  at  great  as  used  on  silicon.  This  is  not  too  surprising  as 
the  C-C  bond  strength  at  S3  kcal/mole  b  much  greater  than  the  Si-Si  bond  of  46 
kcal/mole.  Cluster  calculations  by  Verwoerd  indicate  the  diamond  surface  dimer  bond 
is  very  resistant  to  attack  by  atomic  hydrogen  (5).  The  apparent  stability  of  the  dimer 
bond  may  also  help  explain  results  of  tbe  thermal  desorption  experiments  described 
next,  particularly  the  appearance  of  acetylene. 

It  appears  difTicult  to  maintain  a  well  characterized  surface  during  tbe  course  of 
thermal  desorption  experiments.  The  surface  structure  is  evidently  a  function  of  sample 
history  and  it  is  difficult  to  return  to  a  standard  starting  point.  In  the  case  of  the  ther¬ 
mal  desorption  experiments  there  may  be  several  sites  which  are  contributing  to  the 
hydrogen  observed.  LEED  in  this  case  b  a  very  rough  measure  of  surface  characteris¬ 
tics.  On  a  nominally  (2x1)  surface  we  find  the  hydrogen  uptake  saturates.  By  comparing 
thb  with  data  obtained  from  silicon  samples  under  identical  conditions,  we  find  the 
quantity  of  hydrogen  desorbed  b  consbtent  with  monohydride  coverage,  or  1  hydrogen 
per  carbon  atom.  Extended  dosing  does  not  significantly  increase  the  hydrogen  yield 
from  the  surface.  The  substrate  which  bad  received  the  homoepitaxial  film  showed  two 
hydrogen  desorption  peaks  only  after  film  deposition.  Before  the  film  was  deposited,  a 
single  peak  b  observed  at  900* C.  The  desorption  temperature  does  not  appear  to  be 
coverage  dependent.  Thb  indicates  a  first  order  reaction  with  fixed  activation  energy.  A 
simple  calculation  using  a  standard  frequency  factor  of  lO'®  gives  an  activation  energy 
of  74  kcal/mole,  which  b  considerably  smaller  than  the  C-H  dissociation  energy  of  104 
kcal/mole.  First  order  kinetics  are  also  found  by  Sinniah  et  al.  for  hydrogen  desorption 


from  the-  monohydride  phase  on  the  silicon  (100)  surface  (6).  Along  wjth  first  order 
kinetic,  ah  activatioh  energy  -was  found  which  was  much  less  than  the  di^iation 
energy  for  the  Si-H  bond. 

additional'hydrogen'  is  added' to  the  saturated  (2x1)  surface  we  see  the  appear¬ 
ance  of  new  de^rption  products,  methyl  radicals  and  ruietylene.  Since  the  dimer  bonds 
resist  attack  By  atomic  hydrogen  it  ihay  be  possible  for  the  dime;  back  bonds  to  be 
hydrogenated.'lf  one  or  two  of  the  hack  bonds  were  broken  on  the  dimer  unit,  it  would 
then  be  possible  for  the'  two  carbon  atoms  to  desorb  as  a  unit,  perhaps  resulting  in  the 
acetylene  production  seen.  Methyl  radictds  are  aj^seen  desorbing  from  the  surface,  hot 
at  a-higher' temperature.  Since  the  two  specif  desorb  at  different  temperatures,  one 
expects  evolution  front  different  sites.  Ma^  IS  could  be  a  fragmentation  product  cf 
either  ethylene  of  ethane.  M^  28  was  monitored  for  ethylene  species  but  given  the 
large  background  seen  at  this  mass  it  is  difficult  to  discern- a  peak.  No  significant 
desorption  products  were  seen  at  mass  27  either,  which  one  would  expect  if  large  quan¬ 
tities  of  ethylene  or  ethane  were  desorbing.  Given  the  size  of  the  hydrocarbon  desorp¬ 
tion  peaks  relative  to  the  hydrogen  peak,  it  is  clear  that  an  appreciable  fraction  of  a 
monolayer  of  carbon  is  desorbing  from  the  (2xl)  surface  after  extended  dosing.  It  is  not 
clear  what  sites  the  methyl  radicals  may  be  desorbing  from.  It  seems  likely  that  the 
methyl  radicals  are  desorbing  from  dihydride  sites. 

If  breaking  of  back  bonds  is  occurring  during  hydrogen  dosing,  it  seems  likely  that 
etching  of  the  dimer  units  is  also  occurring  on  a  continuous  basb.  If  completed,  we 
should  see, a  reduction  in  amount'of  acetylene  desorbed  from  the  surface.  At  the  highest 
hydrogen  doses  studied,  the  acetylene  does  in  fact  diminish  dramatically.  Methyl  radi- 
caU,  however,  are  still  seen.  Although  the  sample  has  moved  closer  to  the  (1x1)  confi¬ 
guration  as  a  result  of  the  hydrogen  dosing,  the  hydrogen  desorption  peak  remains  as 
950’C.  If  desorption  is  occurring  by  processes  similar  to  that  on  silicon,  one  would 
expect  a  peak  to  appear  at  a  lower  temperature  corresponding  to  the  desorption  from 
the  dihydride  phase.  Hamza  et  al.  have  results  which  indicate  that  both  on  the  (lOOi 
and  the  (111)  face  of  diamond,  the  surface  reconstructs  after  the  hydrogen  desorbs  (2.7 1. 
If  there  was  little  energy  to  be  gained  by  formation  of  the  dimer  bonds  on  the  surface, 
one  would  expect  the  desorption  from  the  dihydride  and  the  monohydride  to  occur  near 
the  same  temperature. 

Conclusions 

The  clean  surface  appears  to  saturate  quite  readily  in  the  (2x1)  configuration  and 
hydrogen  desorption  from  thb  phase  follows  first  order  kinetics.  Conversion  of  a  dia¬ 
mond  (2x1)  surface  back  to  the  (1x1)  configuration  by  the  addition  of  atomic  hydrogel 
b. difficult.  It  appears  this  b  accomplbhed  by  hydrogenation  of  dimer  back  bonds  and 
subsequent  desorption  of  acetylene  from  the  surface  rather  than  by  breaking  of  dimer 
bonds.  Surfaces  which  show  substantial  reduction  in  the  (2x1)  surface  phase  after 
hydrogenation  also  show  considerably  reduced  desorption  of  acetylene 
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Figure  1.  Thermal  desorption  spectra  from  natural  diamond  surfaces.  An  additional 
spectra  was  taken  after  dosing  the  sample  at  9x10'*  torr  with  atomic  hydrogen.  The 
higher  pressure  is  comparable  to  the  dosing  pressure  used  on  the  samples  in  Figure  2. 
Note  that  although  the  dose  has  increased  by  a  factor  of  3.5  between  the  sample 
exposed  at  9x10'*  and  the  sample  exposed  for  1500  seconds  at  2x10*’  torr,  the  magni¬ 
tude  of  the  desorption  peaks  b  very  close. 
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Figure  4.  Thermal  desotpVion  spectra  from  CVD  diamond  film  after  hydrogen  dosing  at 
2x10"’  torr.  Note  the  large  increase  in  methyl  and  acetylene  production  compared  to 
Figure  3. 


Figure  5.  Thermal  desorption  spectra  from  CVD  diamond  Film  after  hydrogen  dosing  at 
3  torr.  In  this  case  the  acetylene  production  is  considerably  reduced. 
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ABSTRACT 

We  have  investigated  diamond  film  formation  using  mixed 
hydrogen-halogen  chemistries  at  sub-atmospheric  pressures.  This 
work  has  been  implemented  in  two  reduced  pressure  cells.  One 
cell  contained  a  heated  graphite  element  upon  which  reactant 
gasses  were  passed.  Only  thermal  activation  was  used  in  this 
reduced  pressure  cell.  Quadrupole  mass  spectroscopy  was  used  to 
identify  reaction  products  in  the  cell.  The  other  cell  was  a  low 
pressure  rf-plasma  assisted  chemical  vapor  deposition  system. 
Gasses  were  admitted  to  this  cell  which  showed  no  thermal  activa¬ 
tion  in  the  thermal  cell.  It  was  found  that  Fj  is  activated  in  the 
thermal  cell  and  can  participate  in  reactions  both  in  the  gas  phase 
and  at  the  graphite  surface.  HF  and  CjFjH,  were  observed  as  by¬ 
products  of  Fj  -  CH^  gas  interactions  near  the  graphite  oven.  Car¬ 
bon  films  that  were  deposited  on  nearby  substrates  proved  not  be 
diamond.  Activation  of  Hj  -  CF4  in  the  thermal  cell  was  not 
observed  even  at  temperatures  as  high  as  1000  ’  C.  Plasma  activa¬ 
tion,  on  the  other  hand,  does  show  evidence  for  HF  and  CjHj  for¬ 
mation  from  the  Hj  -  CF^  gas  system.  With  plasma  activation  of 
Hj  -  CF^  gas  system,  diamond  deposition  on  as-received  Si  wafers 
without  any  ex  situ  treatment  of  the  surface  to  enhance  diamond 
nucleation  is  possible. 


Introduction 

Recent  work  by  Patterson  et  8l.(l)  and  previous  work  by  Rudder  et  al.(2) 
has  shown  that  diamond  deposition  from  a  fluorine-based  environment  is  possi¬ 
ble.  Patterson  exploited  the  use  of  mixed  fluorine-hydrogen  chemistries  (i.e., 
Fj  and  CH^)  to  form  solid  carbon  through  a  proposed  reaction  of: 

CH4  -1-  2F2  -  C(5)  +  4HF  (1) 

This  reaction  would  be  more  exothermic  than  a  corresponding  hydrogen- 
based  reaction  involving  CH<  and  Hj.  The  hot  zone  of  the  Patterson-type 


reactor  operated  between  700  and  950 ’C,  and  diamond  growth  occurred  only  in 
regions  of  the  reactor  where  the  temperature  was  between  250  and  750 ’C.  hfhc- 
tures  of  either  H2  and  CF^  or  Fj  and  CH^  were  reported  to  deposit  diamond. 

Experimental  Apparatus  and  Approach 

To  gain  insight  into  the  fluorine-based  process,  we  have  performed  a  qua- 
druDoIe  mass  spectroscopy  of  F^/CK,  and  Hj/CF^  gas  interactions  as  a  function 
of  temperature  of  the  graphite  surface.  This  work  has  been  implemented  in  two 
reduced  pressure  cells.  One  cell  contained  a  heated  graphite  element  upon 
which  reactant  gasses  were  passed.  Only  thermal  activation  was  available  in 
this  reduced  pressure  cell.  The  other  cell  was  a  low  pressure  rf-plasma  assisted 
chemical  vapor  deposition  system.  Gasses  were  admitted  to  this  cell  which 
showed  no  activation  in  the  thermal  cell. 

The  thermal  work  was  performed  in  an  UHV  compatible  chamber  that  is 
evacuated  by  a  corrosive  series,  1000  1/s  lurbomolecular  pump.  Gases  are  admit¬ 
ted  into  the  chamber  using  mass  flew  controllers.  The  pressure  in  the  chamber 
is  maintained  at  0.500  Torr  for  Fj  —  CH^  or  H2  —  CF^  gas  work  described  here. 
A  graphite  resistive  heater  is  enclosed  in  the  chamber  as  well  as  a  sample  heater 
stage  whereby  growth  attempts,  independent  of  the  graphite  resistive  heater, 
can  be  assessed.  The  graphite  heater  is  machined  from  a  dense,  flne-grain  gra¬ 
phite  and  is  not  highly  oriented  pyrolytic  graphite.  A  mass  quadrupole  operating 
at  low  emission  (0.25  mA)  is  used  to  sample  the  gases  exiting  the  reactor. 
Changes  in  the  gas  composition  as  a  function  of  substrate  temperature  or  the 
graphite  heater  temperature  are  monitored. 

The  plasma  activated  cell  was  a  low  pressure  rf-plasma  assisted  chemical 
vapor  deposition  system  which  has  been  used  for  the  growth  of  diamond  from 
Hj  -  CH<  mixtures{3).  The  reactor  cell  consists  of  a  stainless  steel,  150  mm  con- 
flat  flange,  6-way  cross  to  which  the  reactor  tube,  pumps,  control  orifice  valve, 
vacuum  gauges,  mass  spectrometer,  and  load  lock  are  appended.  The  vacuum 
system  is  evacuated  by  a  Baiters  500  1/s  corrosive  series  turbomolecular  pump. 
The  base  pressure  of  the  reactor  is  1.0  X  10“^  Torr.  The  heater  stage  is 
comprised  of  alumina  standoffs  separating  the  graphite  susceptor  from  a  gra¬ 
phite  serpentine  resistive  heater.  The  reaction  tube  consists  of  a  double-walled 
50  mm  inside  diameter  quartt  tube  sealed  to  the  stainless  chamber  by  compres¬ 
sion  viton  o-ring  seals.  The  reactor  tube  is  water  cooled  to  maintain  the  water 
temperature  at  15'C.  An  8  mm  water-cooled  copper  tube  formed  into  a  3-turn 
helix  100  mm  long  provides  the  inductive  coupling  from  the  rf  generator  to  the 
discharge.  Wall  deposits,  for  a  limited  time,  can  protect  the  quartz  tube  from 
erosion  by  fluorine  based  processes. 
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Experimental  Results  in  Thermal  Cell  ^ 

The  interactions  of  F  atoms  with  both  solid  carbon  such  as  graphite  and  I 

with  gaseous  carbon  such  ^  CH^,  a  graphite  strip  heater  were  studied  in- the  I 

thermal  cell.  By  adjusting  the  current  through  the  graphite  element,  the  reac¬ 
tion;  of  Fj  and/or  F  with  the  densified  graphite  were  monitored  as  a  function  of  ] 

temrerature.  One  advantage  in  using  a  graphite  heater  to  study  the  Fj/CH^  ' 

gas  fateractions  is  that  reactions  of  fluorine  with  graphite  have  been  previously  i 

stac;ed(4)  so  there  exists  comparative  information.  A  second  advantage  to  the  j 

graphite  heater  is  that  it  avoids  questions  of  metal  catalysis  reactions.  Two  dif-  ^ 

ficul-.ies  with  the  graphite  heater  are  memory  effects  from  gasses  absorbing  in  i 

the  porous  graphite  and  delocalization  of  the  hot  zone  across  the  machined  gra¬ 
phite.  This  results  in  some  areas  of  the  heater  operating  about  100 'C  colder 
than  the  heater  center.  To  minimize  the  memory  effects,  the  beater  was 
degased  at  high  temperatures  before  setting  the  temperature  for  each  data 
point. 


Fluorine  reactions  with  the  heated  graphite  were  monitored  by  admitting 
the  Fj  without  CH^  into  the  thermal  cell.  At  elevated  temperatures,  fluorine 
reacted  with  the  graphite  to  form  CF4.  The  CF4  formation  was  monitored  in  the 
mass  quadrupole  through  the  mass  peak  at  69  arising  from  CF3.  CF3  is  the 
dominant  fragment  in  the  ionizer  when  CF4  is  introduced.  Figure  1  shows  the 
observed  CF3  mass  counts  in  the  reactor  as  a  function  of  the  graphite  cell  tem¬ 
perature.  The  CF4  production  is  maximum  at  600  *C  and  is  observed  to 
decrease  for  temperatures  in  excess  of  950 'C.  The  decrease  in  CF4  production 
belcw  600 'C  is  probably  a  consequence  of  the  formation  of  solid  graphite 
fluoride.  The  temperature  dependence  is  convoluted  by  the  fact  that  there  is  a 
substantial  temperature  variation  ±  100 'C  across  the  graphite  beater  element. 


.Mter  observing  the  CF4  production  from  the  hot  cell  with  only  F,  (admit¬ 
ted  as  1%  F2  in  He),  CH4  was  introduced  into  the  hot  cell.  Upon  introduction 
of  CH4  into  the  hot  fluorine,  the  CF4  production  decreased.  Fluorine  interac¬ 
tions  with  the  CH4  in  the  gas  phase  apparently  depleted  the  gas  phase  of 
fluorine,  resulting  in  a  lower  incident  flux  of  F  atoms  to  the  graphite  surface 
and.  consequently,  a  lower  production  rate  of  CF^.  This  is  the  first  evidence  for 
Fj  -  CH4  gas  phase  interactions.  Besides  the  reduction  in  CF^  production,  the 
introduction  of  CH4  into  the  hot  fluorine  resulted  in  production  of  HF  and 
C2FjHj  molecules.  Figure  2  shows  the  production  of  those  molecules  as  a  func¬ 
tion  of  the  graphite  temperature  Both  exhibit  a  maximum  in  production 
around  900 ‘G.  The  temperature  dependence  for  the  HF  production  is  more 
pronounced  than  the  temperature  dependence  for  the  CjFjH,  production. 
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This  work  suggests  that  the  proposed  reaction  of  Patterson  et  al.  for  solid 
carbon  production  via  equation  (l)  is  basically  correct.  Our  observations  of  gra¬ 
phite  gasification  and  the  formation  of  HF  and  CjFjH,  suggests  that  the  reac¬ 
tion  in  equation  (1)  should  be  extended. 


2F,  -I-  CH<  -  C„,,d  -HHF  (700 '  C) 

qFo  +  2CH,  -  C,H;Fj  +  6HF  (700*  C) 

2F2  +  C,„ph,t.  -  CF,  (500  -  700  *0 

In  a  similar  manner,  the  Hj  -  CF^  system  was  evaluated  in  the  thermal  cell. 
At  the  pressure  of  0.50  Torr,  no  evidence  of  by-product  formation  was  observed 
for  temperatures  below  1000*C.  Temperatures  higher  than  1000* C  and  pres¬ 
sures  higher  than  0.50  Torr  were  not  evaluated.  We  assumed  that  temperatures 
under  1000  *C  are  not  sufficient  to  produce  H  atoms  from  the  Hj  or  F  atoms 
from  the  CF4.  Consequently,  the  Hj  -  CF^  gas  system  in  this  pressure  and  tem¬ 
perature  range  does  not  react  with  the  graphite  to  produce  gasification  pro¬ 
ducts,  nor  do  they  react  with  each  other  to  form  HF  molecules. 

Experimental  Results  in  Plasma  Cell 

As  a  consequence  of  the  inactivity  of  the  Hj  -  CF4  in  the  thermal  cell,  gas 
mixtures  of  Hj  and  CF4  were  admitted  into  the  low  pressure  rf  plasma  assisted 
chemical  vapor  deposition  system.  Details  of  that  work  are  being  submitted  else- 
where(5).  Briefly,  dense  nucleation  of  polycrystalline  diamond  films  on  Si(lOO) 
substrates  has  been  accomplished  without  the  use  of  any  surface  pre-treatments 
such  as  diamond  scratching,  oil-coating,  or  diamond-like  carbon  predeposition. 
Films  deposited  al  5  Torr  at  850  *C,  using  an  8%  CF4  in  Hj  mixture,  show 
dense  nucleation,  well-defined  facets,  and  crystallite  sizes  ranging  from  500  - 
10,000  A.  Figure  3  shows  scanning  electron  micrographs  of  the  diamond  surface 
and  a  cleaved  cross-section.  Some  roughening  of  the  Si  substrate  is  observed 
from  the  cleaved  section  suggesting  that  the  Si  surface  undervent  some  chemi¬ 
cal  modification  prior  to  or  during  diamond  nucleation.  X-ray  photoeleclron 
spectroscopy  show  the  films  to  be  diamond  with  no  major  chemical  impurity 
and  no  detectable  graphitic  bonding.  Besides  carbon,  fluorine  is  detected  in  the 
x-ray  photoeleclron  spectrum.  A  high  resolution  spectrum  of  the  C  Is  line  shows 
that  some  carbon  is  bound  to  fluorine  on  the  surface  as  exhibited  by  a  distinct 
feature  at  288  eV,  removed  from  the  C-C  bonding  at  283  eV.  A  high  resolution 
spectrum  of  the  C  Is  region  is  shown  in  Figure  4.  The  graphite  rr  —  tt  plasmon 
is  not  present  in  the  spectrum.  The  34  eV  bulk  diamond  plasmon  is  clearly 
present,  but  not  shown  in  the  high-resolution  spectrum.  A  pronounced  1332 
cm~'  Raman  line  was  observed  from  the  polycrystalline  films  along  with  a  b.oad 
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band  at  1500  cm”’. 

Quadrupole  mass  spectroscopy  of  the  gases  downstream  from  the  plasma 
discharge  reveals  that  the  CF^  -  H;  plasma  converts  the  carbon  tetrafluoride 
into  HF  and  Cjllj.  No  fluoromethane  groups  were  observed.  Given  that,  after 
15  min  into  the  plasma  process,  no  fluorocarbon  groups  were  detectable  in  the 
mass  spectrum,  the  generation  rate  of  HF  and  CjHj  must  have  been  equal  to  the 
gas  flow  of  CF^  into  the  reactor,  3.2  seem. 

Preliminary  data  indicates  that  this  process  is  applicable  to  substrates 
other  than  silicon.  This  process  will  have  important  applications  in  areas  where 
surface  pretreatments,  such  as  diamond  polishing,  are  not  viable.  In  particular, 
this  process  may  prove  invaluable  to  those  workers  developing  heteroepitaxy. 
With  conventional  methane-based  processes,  nucleation  is  inhibited  on  sub¬ 
strates  other  than  diamond  and  c-BN.  This  process  may  allow  heteroepitaxial 
studies  to  be  undertaken  on  substrates  whereby  previously  there  has  been  little 
diamond  nucleation. 
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Figure  1.  Observed  CFj  counts  in  the  mass  spectrometer  as  a  function  of  the 
papbite  heater  temperature.  Notice  that  the  introduction  of  CHj 
into  the  graphite  hot  zone  diminishes  the  CF^  production. 


Figure  2.  Dependence  of  by-product  production  on  graphite  heater  tempera- 
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(b)  0.60(111) 
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Figure  3.  SEM  micrographs  of  a  polycrystalline  diamond  film  deposited  from 
the  Hj  -  CF^  process. 
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ABSTRACT 

We  have  examined  using  quadrupole  mass  spectroscopy  the  pro¬ 
duction  of  acetylene  molecules  under  diamond  growth  conditions 
wherein  no  acetylene  was  introduced.  There  are  two  pathways 
available  for  the  production  of  acetylene.  One  path  for  acetylene 
production  is  through  conversion  of  CH<  into  CiHj  in  the  high 
temperature  plasma  region.  The  other  path  for  acetylene  produc¬ 
tion  is  through  gasification  of  the  graphite.  In  the  pressure  range 
from  1  •  10  Torr  using  a  rf  plasma  discharge,  the  graphite  gasifica¬ 
tion  is  the  dominant  path  and  the  diamond  deposition  rate 
appears  to  correlate  fairly  well  with  the  acetylene  concentration  in 
the  reactor.  The  correlation  can  be  understood  by  considering  the 
acetylene  production  rate  to  be  proportional  to  the  atomic  hydro¬ 
gen  flux  to  the  graphite  susceptor  and,  hence,  to  the  atomic  hydro¬ 
gen  flux  to  the  diamond  growth  surface. 

Introduction 

Many  workers  are  studying  the  importance  of  acetylene  and  methyl  radicals 
in  the  vapor  phase  growth  of  diamond.  Techniques  such  as  infrared  diode  laser 
absorption  spectroscopy  and  mulliphoton  ionization  have  been  used  to  examine 
the  gaseous  environment  of  the  diamond  depo6ition(l).  Other  workers  have  used 
isotopic  labeling  to  identify  the  parentage  of  carbon  atoms  deposited  as  dia- 
mond(2).  In  this  work,  we  have  used  quadrupole  mass  spectroscopy  to  monitor 
acetylene  production  during  diamond  deposition  in  a  low  pressure  rf-plasma 
chemical  vapor  deposition  environment.  We  find  that  there  are  two  channels 
for  acetylene  production,  one  via  conversion  of  CH^  into  CjH;  and  second  via 
gasification  of  graphite  into  CjHj.  By  realizing  that  a  requirement  for  graphite 
gasification  is  the  atomic  hydrogen  flux  to  the  graphite  surface,  mass  quadru¬ 
pole  spectroscopy  of  the  gasification  products  has  been  able  to  demonstrate  that 
the  diamond  deposition  rate  is  proportional  to  the  atomic  hydrogen  flux. 
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Experimental  Approach  and  Results 

Diamond  depositions  have  been  accomplished  in  a  low  pressure  rf  plasms 
assisted  chemical  vapor  deposition  system  using  1%  CH^  in  Hj  gas  at  pressures 
from  1-10  Torr.  Details  of  that  reactor  and  the  growth  process  have  been  pre¬ 
viously  reported(3).  The  vacuum  system  for  diamond  deposition  is  shown 
schematically  in  Figure  1.  It  consists  of  a  stainless  steel  150  mm  conflat  flange 
6-wav  cross  upon  which  the  reactor  lube,  pumps,  control  orifice  valve,  vacuum 
gauges,  quadrupole  mass  spectrometer,  and  load  lock  are  appended.  Samples 
are  introduced  into  the  reactor  on  a  graphite  carrier/susceptor  through  a 
vacuum  load  lock,  transferred  horizontally  onto  a  heater  stage,  and  raised  verti¬ 
cally  into  the  quartz  reaction  tube.  The  reaction  tube  consists  of  a  double- 
walled  50  mm  inside  diameter  quartz  tube  sealed  to  the  stainless  chamber  by 
compression  viton  o-ring  seals.  The  reactor  tube  is  water  cooled  through  the 
use  of  a  heat  exchanger  which  maintains  the  water  temperature  at  15"C.  A  8 
mm  water-cooled  copper  tube  formed  into  a  3-turn  helix  100  mm  long  provides 
the  inductive  coupling  from  the  rf  generator  to  the  discharge.  The  rf  power 
output  from  a  power  amplifier  tube  couples  to  the  plasma  using  a  LC  resonant 
circuit  with  the  plasma  coil  constituting  the  inductive  component.  The  vacuum 
system  is  evacuated  by  a  Balzers  500  1/s  corrosive  series  turbomolecular  pump. 
The  pressure  of  the  reactor  is  1.0  X  10“’  Torr  prior  to  introducing  the  reactant 
gasses. 

Conditions  for  diamond  growth  are  given  in  Table  1  over  the  presure  range 
from  1  -  10  Torr.  Note  that  the  temperature  of  the  hydrogen  plasma  has  been 
calculated  from  the  relative  emission  intensities  of  the  atomic  hydrogen  Balmer 
series  assuming  a  Boltzman  distribution  and  collisionless  lifetimes.  These 
assumptions  may  be  in  error,  but  this  calculation  allows  some  internal  standard 
for  the  power  input  to  the  plasma. 


Table  1 


Pressure 

Flow  rate  (seem) 

Estimated 
rf  power  (w) 

'^plasma 

(K) 

1 

1.3 

400 

3420 

3 

3.8 

660 

3350 

5 

6.3 

1000 

3200 

7 

8.8 

1800 

3200 

10 

12.5 

2400 

3270 

One  notices  that  the  pressure  in  this  series  is  varied  by  maintaining  a  constant 
pumping  speed  and  reducing  the  gas  flow  into  the  reactor.  The  estimated 
plasma  temperature  remains  constant  throughout  this  pressure  range  despite 
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the  6-fold  increase  in  power  input.  Without  this  increase  in  power  at  the  higher 
pressures,  it  would  not  be  possible  to  maintain  the  atomic  hydrogen  emission. 
This  increase  in  applied  power  also  increases  the  substrate  temperature.  The 
substrate  temperature  varies  from  «s650*C  at  1.0  Torr  to  RsSSO'C  at  10  Torr. 

Following  deposition,  films  were  analyzed  using  scanning  electron  micros¬ 
copy  (SEM)  and  Raman  scattering  spectroscopy.  Cleaved  sectional  analysis  in 
the  SEM  was  used  to  ascertain  diamond  deposition  rates  at  the  different  pres¬ 
sures.  We  assumed  the  deposition  rate  was  linear  in  time.  The  silicon  substrates 
used  in  this  work  were  diamond  polished  prior  to  introduction  into  the  reactor 
to  provide  immediate  nucleation  sites. 

SEM  micrographs  show  that  the  deposited  films  are  polycrystalline  showing 
well-defined  faceting.  The  crystallite  sizes  vary  from  0.5  -  2.5  /rm.  The  crystal¬ 
lites  appeared  to  have  nucleated  at  point  sites  upon  which  growth  proceeded  3- 
dimensionally  into  a  continuous  film.  Raman  spectra  for  the  complete  series  are 
given  in  Figure  2.  All  samples  display  a  1332  cm’'  diamond  Raman  line.  Sam¬ 
ples  grown  at  lower  pressures  show  more  non-diamond  bonding.  It  is  not  clear 
at  this  point  if  the  appearance  of  the  non-diamond  bonding  components  (i.e.  the 
appearance  of  Raman  features  between  1500  and  1600  cm"')  is  due  to  a  reduc¬ 
tion  in  pressure  or  a  reduction  in  substrate  temperature.  It  is  clear  that  all  con¬ 
ditions  produced  diamond  from  the  gas  phase  using  the  low  pressure  rf-plasma 
system. 

The  environment  of  the  diamond  growth  was  probed  by  mass  spectroscopic 
analysis  of  gasses  downstream  from  the  plasma  region.  Samples  were  positioned 
near  the  rf  coil  on  a  graphite  susceptor.  By  comparing  the  CjHj  production 
observed  with  the  graphite  susceptor  removed  from  the  discharge  tube  to  the 
CjHj  production  when  the  susceptor  was  positioned  near  the  rf  coil,  one  can  dis¬ 
tinguish  CH4  conversion  to  CjHj  in  the  gas  phase  from  gasification  of  the  gra¬ 
phite  to  CjHj  at  the  susceptor  surface.  (It  should  be  noted  that  these  experi¬ 
ments  were  performed  when  the  plasma  tube  was  fairly  clean  of  carbon  deposits. 
The  graphite  susceptor  represents  the  largest  source  of  solid  carbon  exposed  to 
the  plasma.)  Figure  3  shows  the  conversion  of  CH<  to  CjHj  as  a  function  of  total 
pressure  when  the  graphite  susceptor  is  not  present  in  the  reactor.  This  figure 
shows  a  nearly  constant  ratio  of  CH^  to  CjH,  across  the  pressure  series.  Given 
that  two  CH4  molecules  are  necessary  for  CjHj  production,  we  conclude  that 
approximately  60%  of  the  CH<  is  converted  into  CjHj.  Figure  4  shows  the 
observed  C2H2  production  when  the  graphite  susceptor  is  inserted  3.0  mm  below 
the  rf  coil  with  1%  CH4  in  H2  discharge.  There  is  a  pronounced  pressure  depen¬ 
dence  to  the  C2H2  production.  At  3  Torr,  there  is  approximately  4  times  more 
C2H2  partial  pressure  in  the  reactor  with  the  graphite  susceptor  present  than 
there  was  with  the  graphite  susceptor  absent.  More  C2H2  is  produced  at  3  Torr 
by  graphite  gasification  than  is  produced  by  CH4  conversion  into  C2H2. 
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It  is  interesting  to  compare  the  diamond  deposition  rate  ir;;!!  the  CjHj  pro¬ 
duction  rate.  Figure  5  shows  the  growth  rate  as  a  function  of  pressure  for  this 
series.  We  find  that  the  deposition  rate  is  a  maximum  for  a  pressure  of  approxi¬ 
mately  3  Torr.  A  comparison  with  Figure  4  shows  that  the  cer-.-sition  rate  and 
the  CoHo  production  rate  both  show  a  similar  dependence  ci  reactor  pressure 
with  the  highest  deposition  rate  and  the  highest  C^Hj  produ:;i;a  rate  occuring 
at  3  Torr. 


Discussions  and  Conclusions 

This  work  shows  an  apparent  correlation  between  the  isrosition  rate  of 
diamond  and  rate  of  gasification  of  the  graphite  susceptor  int:  C^Hj.  Perhaps, 
the  growth  rate  of  diamond  is  inhibited  by  graphitic  site  which  must  be 
removed  before  diamond  can  propagate.  Hence,  growth  rrrrditions  which 
rapidly  gasify  graphite,  remove  graphitic  sites  from  the  diam;-;:  surface  allow¬ 
ing  diamond  growth  to  propagate.  Mucha  et  al.{4)  used  sicili.-  arguments  to 
explain  higher  effective  growth  rates  in  microwave  CVD  experfiineats  when  alter¬ 
nating  cycles  of  Hj  and  CH^  were  introduced  into  the  reactor.  .\;'.ernatively,  the 
C-Hj  radical  may  be  promoting  diamond  growth  as  Frenklach  e;  al.(5)  have  sug¬ 
gested.  Thus,  higher  concentrations  of  C2H2  in  the  gas  phase  nay  be  responsible 
for  the  higher  growth  rate. 

The  work  of  Balooch  and  Olander(6)  yields  considerable  Insight  into  the 
data  presented  in  this  paper.  Balooch  and  Olander  showed  tha:  she  gasification 
products  observed  when  atomic  hydrogen  interacts  with  pjTtiytic  graphite  are 
distinctly  different  depending  on  the  temperature  of  the  grapif-.e.  At  tempera¬ 
tures  below  550 ‘C,  the  primary  product  was  CH^.  At  tenieratures  above 
900  ■  C,  the  primary  product  was  C2H2.  Balooch  and  Olander  inraed  that  in  the 
intermediate  temperature  range  H  atoms  recombined  on  the  pyrolytic  graphite 
surfaces  without  substantial  graphite  gasification.  In  the  pressure  series  reported 
in  this  paper,  the  graphite  susceptor  is  certainly  above  550 *C.  We,  as  Balooch 
and  Olander,  do  observe  C2H2  as  a  by-product  of  atomic  H  ■»r.h  graphite.  We 
are  able  to  deposit  diamond  films  in  the  intermediate  tempenrnre  range  where 
atomic  hydrogen  is  not  as  efficient  in  dissolving  graphite.  It  should  be  noted 
that  the  flux  of  atomic  hydrogen  present  to  a  diamond  CVD  growth  surface  is 
orders  of  magnitude  higher  than  the  fluxes  used  by  Balooch  tni  Olander.  Con¬ 
sequently,  graphite  removal  fiom  a  diamond  CVD  growth  surfs-res  with  atomic 
H  is  undoubtedly  possible. 

The  production  of  C2H2  from  a  graphite  surface  at  elevire-i  temperatures 
will  be  proportional  to  the  atomic  hydrogen  flux.  If  one  inre.-prets  the  C2H2 
production  rate  shown  in  Figure  4  as  proportional  to  the  atozi:  hydrogen  flux 
to  the  graphite  surface  and  hence  to  the  diamond  C\T)  growth  surface,  then  one 
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concludes  that  the  atomic  hydrogen  flux  to  the  growth  surface  is  a  strong  func¬ 
tion  of  pressure.  Hence;  the  correlation  between  diamond  growth  rate  and  ace¬ 
tylene  production  is'more  concisely  a  consequence  of  the  differing  atomic  hydro¬ 
gen  fluxes.  The  higher  fluxes  of  atomic  hydrogen  dissolve  graphite  and  promote 
diamond  bonding.  These  results  are  strong  support  for  the  work  of  Yar- 
brough(7)  showing  that  at  high  atomic  hydrogen  concentrations  diamond  pre¬ 
cipitated  as  the  stable  phase. 
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InttMtty  (Arb.  Un(t») 


Figure  1.  Schematic  of  low  pressure  rf-plasma  assisted  chemical  vapor  deposi¬ 
tion  system. 


Figure  2.  Raman  spectra  for  diamond  films  deposited  from  1  to  10  Torr  using 
1%  CH<  in  Hj. 
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Piessure  (Totr) 


Figure  3.  Conversion  of  CH4  into  CjHj  without  the  graphite  susceptor  in  the 
reactor. 


Figure  4.  Production  of  CjHj  in  the  growth  reactor  as  a  function  of  pressure 
with  the  graphite  susceptor  in  place. 


Figure  5, 


3  5 

Pressure  (Ton) 


Diamond  deposition  rate  as  a  function  of  pressure.  Thickness  values 
■were  obtained  from  SEM  micrographs  of  cleaved  sections. 
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ABSTRACT 

The  technological  evaluation  of  commercially-available,  single  cry¬ 
stal  diamond  substrates  for  homoepiiaxial  diamond  growth  is 
presented.  Surface  topographies  of  insulating  diamonds  (types  la. 

Ila,  and  lb)  are  shown,  and  microstructural  comparisons  are  exam¬ 
ined  with  X-ray  topography.  Wet  chemical  and  mechanical  clean¬ 
ing  procedures  are  briefly  reviewed.  The  effect  of  the  starting  sub¬ 
strate  on  the  resultant  homoepiiaxial  diamond  film  can  be  par¬ 
tially  mitigated  by  the  proper  choice  of  substrate,  appropriate 
cleaning  protoc  ,  and  the  use  of  a  well-qualified  diamond  deposi¬ 
tion  technology. 

Introduction 


The  thermal  and  electrical  properties  of  diamond  make  it  an  excellent  can¬ 
didate  for  electronic  applications.  A  number  of  significant  problems  must  be 
overcome  before  the  potential  of  diamond  can  be  realized.  While  suitable 
heleroepitaxial  substrates  have  not  been  developed  yet,  the  fabrication  of  dia¬ 
mond  transistors  on  natural  diamond  substrates  allows  testing  and  evaluation  of 
diamond  electronics  |l].  One  problem  arising  in  the  fabrication  of  diamond  dev¬ 
ices  on  diamond  is  the  quality  of  the  natural  diamond  substrates.  Recent  stu¬ 
dies  indicate  that  X-ray  topography  is  a  potentially  valuable  technique  for 
characterizing  structural  defects  in  diamond  single  crystal  substrates  [2].  Selec¬ 
tion  of  high  quality  diamond  substrates  is  imperative  to  the  growth  of  high 
mobility  homoepitaxial  diamond  layers.  In  order  to  achieve  the  highest  electri¬ 
cal  quality  diamond  films,  growth  techniques  may  have  to  be  developed  which 
deposit  epitaxial  layers  without  replicating  the  crystalline  defects  commonly 
found  in  diamond  single  crystals. 

This  paper  presents  technological  results  accumulated  over  the  last  two 
years  that  pertain  to  the  quality  of  commercially-available  single  crystal 
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diamond  substrates,  the  cleactog  of  these  substrates,  and  the  resultant  homoep- 
iiaxial  diamond  growth  by  low  pressure  rf  plasma-enhanced  chemical  vapor 
deposition  (PECVD).  Both  uniform  coverage  and  selective-area  diamond 
homoepitaxy  are  described. 

Experimental  Procedures 

Natural  type  la  and  lla  and  synthetically-produced  type  Ib  diamond  single 
crystals  have  been  evaluated  fsr  their  suitability  for  diamond  homoepitaxy. 
Cutting  and  polishing  to  nominal  1 100)  orientation  were  performed  commercially 
by  the  vendors,  and  analysis  has  included  scanning  electron  microscopy  (SEM) 
[equipped  with  a  field  emission  gun]  on  uncoated  diamond  substrates.  X-ray 
topography  [3],  using  near-parallel  and  monochromatic  X-rays  prepared  from 
synchrotron  radiation,  has  been  used  to  evaluate  the  microstructure  of  selected 
type  la,  Ha,  and  Ib  single  crystal  diamonds  (not  necessarily  cut  and  polished  to 
a  specific  orientation). 

Two  different  chemical  cleaning  methods  were  utilized.  Diamond  sub¬ 
strates  were  cleaned  with  the  RCA  cleaning  technique  [-t),  which  has  found 
wide-spread  use  in  silicon  integrated  circuit  fabrication,  or  with  sequential  expo¬ 
sure  to  boiling  Cr03/H2S0^  solution  (glass  cleaning  solution)  for  15  minutes  fol¬ 
lowed  by  boiling  aqua  regia  for  15  minutes  followed  by  a  dip  in  10:1  H20:HF 
solution  and  complete  deionized  water  rinse.  The  efficacy  of  swabbing  to 
remove  particulates  has  also  beea  evaluated.  Cotton-tipped  swabs  were  used  in 
deionized  water. 

Homoepitaxial  diamond  growth  was  accomplished  using  a  13.56  NfHz 
inductively-coupled  plasma-enhsttted  chemical  vapor  deposition  (PECVD)  sys¬ 
tem  as  described  in  more  detail  elsewhere  |5].  Briefly,  the  system  is  UHV- 
compatible  and  the  nominal  conditions  used  were:  l9o  CH^  in  H;  or  1:2  mixture 
of  2%  CO  in  and  1%  CH^  in  Hj.  total  gas  flow  =  20-30  seem  (32.2-f8.3  Pa- 
L-s"'),  pressure  =  5.0  Torr  (667  Pa),  temperature  =  500-800'C,  and  rf  power 
~  1.5kVV.  The  homoepitaxial  diamond  films  have  been  characterized  with  SEM 
and  Raman  spectroscopy. 

Results  and  Discussion 

Diamond  Substrates 

Features  have  been  observed  on  the  surfaces  of  commercially-supplied  dia¬ 
mond  substrates  which  might  inhibit  high  quality  epitaxial  growth.  Figure  1 
shows  a  series  of  SEM  micrographs  from  several  as-received  natural  Type  lla 
diamond  (100)  substrates  (size:  4  X  4  X  0.25  mm).  It  can  be  seen  that  the  sur¬ 
face  topographies  do  vary  from  substrate  to  substrate,  and  some  are  clearly 
“better”  than  others.  However,  the  fine  unidirectional  scratches  are  observed 
on  all  substrates  of  this  size.  Commercially-produced  synthetic,  type  lb  dia¬ 
monds  can  also  have  surface  topographies  that  may  influence  subsequent 


epitaxy  (Figure  2).  However,  it  must  be  boroe  in  mind  that  a  less  than  perfectly 
smcioth  surface  topography  only  indicates  that  the  polishing  process  seeds 
optimization  and  does  not  necessarily  imply  that  the  bulk  of  the  substrate  is 
microstructurally  defective.  This  has  been  shown  by  electron-beam-induced 
current  (EBIC)  imaging  of  natural  semiconducting  type  lib  diamonds  in  the 
SEM,  where  it  has  been  seen  that  the  surface  scratches  bear  no  relationship  to 
subsurface  microstructural  defects  that  are  nonradiative  recombine  'on  sites  |6j. 

The  extent  of  microstructural  defects  in  a  diamond  substrate  is  perhaps  a 
more  crucial  issue  pertaining  to  the  attainment  of  low-defect-density  bomoepi- 
taxial  diamond  films  for  electronic  evaluation.  To  begin  to  examine  this  issue, 
X-ray  topographs  have  been  taken  of  natural  and  synthetic  diamond  single  cry¬ 
stals.  X-ray  topography  has  revealed  differences  in  the  internal  structure  of 
type  la  |7]  and  type  Ila  diamonds  (Figure  3).  Although  the  type  la  diamond 
appears  to  show  planar  defects  in  projection,  there  appear  to  be  fewer  defects 
and  defects  with  a  lower  degree  of  strain  and/or  crystallographic  misorientation 
than  the  type  Ila  crystals.  This  is  qualitatively  consistent  with  the  observations 
that  type  la  diamond  crystals  tend  to  exhibit  superior  axial  ion  channeling 
characteristics  than  type  Ila  crystals  (C).  While  these  results  appear  to  indicate 
a  trend,  variations  between  different  natural  diamond  crystals  may  not  permit 
these  results  to  be  generally  applicable  to  all  diamond  substrates  of  a  given 
t>,<e.  Also  shown  is  an  X-ray  topograph  of  a  synthetically  produced  type  lb  dia¬ 
mond  which  has  defects  that  appear  to  have  propagated  radially  from  the 
center  of  the  crystal. 


Substrate  Cleaning 

Both  of  the  chemical  cleaning  procedures  described  above  have  been  used, 
and  both  techniques  have  met  with  successful  homoepilaxial  growth.  Unfor¬ 
tunately,  the  success  has  not  been  uniform  and  unequivocal.  The  reason  for  this 
has  been  that  residual  particulates  remain  on  the  surface  of  the  diamond  sub¬ 
strate.  The  effect  of  particulates  on  the  surface  is  the  nucleation  of  sporadic 
regions  of  polycrystailine  diamond  material  interspersed  tnroughout  the 
homoepilaxial  film.  The  particulates  are  believed  to  result  from  the  commercial 
polishing  processes,  and  apparently  are  not  removed  with  wet  chemical  cleaning. 
Mechanically  cleaning  the  substrates  by  swabbing  with  cotton-tipped  swabs  in 
deionized  water  will  remove  most  of  the  particulates.  This  effect  is  shown 
dramatically  in  Figure  4  where  a  diamond  substrate,  which  had  been  intention¬ 
ally  contaminated  with  particulates  and  then  chemically  cleaned  (particulates 
still  remain  adherent),  is  shown  to  be  free  of  these  particulates  after  a  short 
time  (~  1  min.)  ol  swabbing. 

Diamond  Homoepitaxy 

Figure  5  shows  the  change  in  surface  morphology  after  1  pm  of  diamond 
deposition  on  a  diamond  substrate.  Before  deposition  the  surface  shows  pits 


and  polishing  scratches  present.  After  deposition,  the  surface  finish  is  greatly 
improved  aTlittle  surface  topography  is  visible.  This  planarization  is  an  impor¬ 
tant  feature  for  development  of  electronic  devices  in  diamond. 

The  effect  of  surface  planarization  during  homoepitaxial  growth  can  also  be 
illustrated  using  selective  homoepitaxial  deposition.  Epitaxial  lateral  over¬ 
growth  (ELO)  has  been  demonstrated  using  this  low  pressure  rf-driven  PECVD 
technique  [9j.  A  lithographically  patterned  200  nm  thick  Si  mask,  which  sub¬ 
stantially  inhibits  diamond  nucleation,  has  been  used  to  define  the  diamond 
•‘seeds”  for  homoepitaxial  diamond  growth.  The  overgrowth  was  best  revealed 
by  chemically  etching  the  Si  from  the  diamond.  Figure  6  shows  SEM  of  a 
cleaved  cross-section  showing  diamond  ELO.  The  sample  has  been  sputter- 
coated  with  10  nm  of  Pt  to  prevent  charging  during  SEM  examination.  Growth 
of  homoepitaxial  diamond. was  observed  to  be  approximately  isotropic,  extending 
over  the  Si  mask  by  0.45  pm  and  above  the  mask  by  0.50  pm.  There  is  evidence 
for  smooth  epitaxial  growth  above  the  diamond  seed  windows  and  faceting  on 
the  overgrowth.  Comparing  the  surface  of  the  epitaxial  layer  to  the  surface  of 
the  substrate,  the  initial  substrate  topography  has  been  planarized  by  this  dia¬ 
mond  homoepitaxial  deposition  process. 

Both  macro-  and  micro-Raman  spectroscopy  have  been  routinely  employed 
to  assess  the  crystalline  quality  of  the  homoepitaxial  diamond  films.  Spectra 
were  excited  using  the  514.5  nm  line  of  an  Ar"*"  ion  laser  with  a  micro-Raman 
spot  size  at  the  sample  surface  of  <  5  pm.  Shown  in  Figure  7  are  micro-Raman 
spectra  showing  the  1332  cm”'  diamond  LO  phonon  line  taken  from  the 
selective-area  homoepitaxial  film  and  taken  off  the  film  where  scattered  and  iso¬ 
lated  polycrystalline  diamond  crystals  have  grown  on  the  Si  mask.  The  full- 
width  at  half-maximum  (F\VHM)  values  from  these  spectra  differ  by  1.6  cm”'  - 
with  the  homoepitaxial  film  having  the  narrower  peak.  This  is  consistent  with 
the  fact  that  the  Raman  signal  from  polycrystalline  diamond  films  have  greater 
FWHM  than  from  single  crystal  diamonds.  Another  homoepitaxial  diamond 
film  with  uniform  coverage  that  was  grown  on  a  (100)  type  lla  substrate  was 
examined  with  micro-Raman  spectroscopy  by  focusing  on  the  surface  of  the 
homoepitaxial  film.  The  corresponding  1332  cm”'  diamond  LO  phonon  line  was 
found  to  have  a  FWHM  of  2.1  cm”'.  Because  of  the  small  depth  of  focus  of  the 
micro-Raman  system,  it  was  also  possible  to  focus  into  the  bulk  of  the  type  lla 
substrate.  In  this  case,  the  FWHM  increased  to  2.4  cm”'.  Although  this  tech¬ 
nique  cannot  completely  isolate  the  Raman  signals  from  the  epitaxial  film  and 
the  substrate,  it  shows  qualitatively  that  this  homoepitaxial  diamond  film  is  of 
greater  perfection  than  the  substrate.  This  same  trend  has  been  seen  for 
homoepitaxial  diamond  grown  on  (100)  type  la  diamond  substrates,  but  the  dif¬ 
ferential  between  the  F^\T^M  of  the  epitaxial  film  and  the  type  la  substrate  is 
less  (on  the  order  of  0.1  cm”'). 
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Summary 

From  the  point  of  view  of  commercial  availability,  type  la  diamond  sub¬ 
strates  currently  appear  to  be  microstructurally  superior  for  homoepitaxial 
growth.  Although  there  remains  diamond  substrate  surface  topography  con¬ 
cerns,  if  the  substrates  are  mechanically  and  chemically  cleaned  properly  and  an 
adequate  diamond  deposition  technique  is  used,  the  surface  can  be  planarized 
for  device  fabrication.  The  evidence  accumulated  thus  far  indicates  that 
homoepitaxial  diamond  films  grown  with  rf  PECVT)  are  superior  to  the  starting 
substrates.  The  ability  to  grow  homoepitaxial  diamond  selectively  with  ELO 
allows  for  the  possibility  of  creating  films  that  are  less  microstructurally  defec¬ 
tive  than  the  starting  substrate. 
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Figure  6.  Cleaved  cross-section  shouing  ELO  of  diamond  over  a  Si  mask  that 
has  been  chemically  removed:  (A)  inclined  view  and  (B)  edge-on 


Figure  7.  Micro-Raman  spectra  from:  (A)  selective-area  homoepitaxial  diamond 
(shown  in  Figure  6)  and  (B)  polycrystalline  diamond  nucleated  on 
mask  (not  shown  in  Figure  6  because  it  was  etched  off). 
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ABSTRACT 

The  effect  of  thin  interfaeial  films  of  Si02  (-20  A)  on  the  electrical 
characteristics  of  metal  contacts  fabricated  on  polycrystalline  and 
homoepitaxial  diamond  films  has  been  swdied.  These  films  were  grown 
using  plasma-enhanced  chemical  vapor  deposition  techniques.  In  order  to 
minimize  the  effect  of  defects  and  /  or  hydrogen  on  the  metal  contan 
characteristics,  these  films  were  annealed  at  950‘’C  for  30  min.  Metal- 
semiconductor  contacts  were  formed  by  election-beam  evaporation  of 
aluminum  on  both  as-received  and  annealed  polycrystalline  films,  whereas, 
gold  metallization  was  used  for  the  homoepitaxial  film.  Active  diode  dots 
were  defined  by  a  standard  photolithographic  process.  It  has  been 
demonstrated  that  the  introduction  of  a  thin  Si02  film  at  the  interface 
between  the  metal  and  the  diamond  semiconductor  film  allows  the 
fabrication  of  a  rectifying  contact,  that  is  not  otherwise  possible  for  the  films 
studi'  here. 


INTRODUCTION 

Senticonducting  diamond,  as  a  potential  material  for  high  temperature,  high  speed 
and  high  power  device  applications,  has  been  the  subject  of  some  excellent  reviews  (1, 2). 
A  number  of  these  devices  will  rely  on  a  rectifying  metal  /  semiconductor  contact  for  their 
operation,  A  metal  /  semironductor  contact  also  provides  a  suitable  vehicle  for  electrical 
characteriimtion  of  tiie  device  material.  However,  it  has  been  observed  that  the  foimation  of 
good  rectifying  contacu  is  not  always  easily  accomplished  on  diamond  films  grown  by 
chemical  vapor  deposition  (CVD)  (3_).  Contacts  established  with  A1  or  Au  on  CTVD  films 
exhibit  highly  resistive_  ohmic  or  nominally  asymmetric  behavior,  whereas  these  metals  can 
be  used  almost  routinely  to  form  rectifying  contacts  on  synthetic  (4)  and  natural 
semiconducting  diamond  crystals  (5).  In  the  case  of  CVD  grown  homoepitaxial  films,  a 
chemical  treatment  in  hot  CrOy  +  H2SO4  solution  has  enabled  the  fabrication  of  Au 
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rectifying  contacts  (6).  Characteristics  of  rccdfying  contacts  on  CVD  grown  films  of  both 
homoepitaxial  (7)  and  polyctyst^line  diamond  (8)  have  been  improved  by  growing  an 
insulating  undoped  diamond  film  on  a  previously  dqtosited  B  doped  semiconducting  film. 

In  the  present  investigation,  the  effea  of  thin  interfacial  SiOz  films  on  the  electrical 
characteristics  of  metal  contacts  fabricated  on  B  doped  i»lyctystalline  and  homoepitaxial 
films  has.b^n  sn^ed.  It  has  been  demonstrate  that  the  introduedon  of  a  thin  SiOz  film  at 
the  interface  betwMa  the  metal  arid  the  diamond  seiriioonductor  film  allows  the  fabricadon 
of  a  rectifying  contact,  that  is  not  otherwise  possible  for  the  films  studie  here. 


EXPERIMENTAL  DETAILS 

Both  the  polycrystalline  and  homoepitaxial  B  doped  diamond  films  use  for  the 
snidy  were  grown  using  plasma-enhance  chemical  vapor  deposidon  (PECVD)  techniques. 
The  diamond  fihns  were  materially  characterize  by  scanning  electron  microscopy  (SEM) 
and  by  Raman  Spectroscopy.  In  addidon,  secondary  ion  mass  spectroscopy  (SIMS) 
analysis  of  selected  samples  were  performe  in  mder  to  determine  the  atomic  concentration 
of  Bin  the  films. 

As-deposited  diamond  films 

A  microwave  plasma  CVD  reactor  describe  in  reference  (9),  was  employe  in  this 
study  for  the  deposition  of  the  polyciystalline  diamond  films.  These  films  were  grown  on 
low  resistivity  (<1  Q  cm)  boron  dope  Si  ((111)  oriente)  substrates  using  Hz (99.5  %) 
and  CH4  (0.5  %)  at  a  pressure  of  35  torr.  The  substrates  were  maintaine  at  SOO’C  during 
deposidon.  Moreover,  these  films  were  dope  with  boron  using  BzHg.  Ratios  of  BzH^  to 
the  total  gas  flow,  of  0.002,  0.005,  0.008,  0.01, 0.05,  0.5  and  1.0  ppm  were  use  to 
obtain  films  with  a  varie  B  concentration.  In  some  cases  Oz  (0.1  %)  was  also  inciee  in 
the  gas  mixture  (for  BzHg  ratios  of  0.002, 0.(X)5, 0.008  and  0.01  ppm).  These  films  were 
grown  for  14  hr.  For  the  higher  BzH^  ratios  (0.05, 0.5  and  0.1  ppm)  Oi  was  not  use  and 
films  were  grown  for  7  hr. 

Details  of  the  rf  plasma  CVD  reactor  utilize  for  the  homoepitaxial  film  growth  are 
given  in  reference  (10).  The  homoep'taxial  film  was  grown  on  a  type  I A  insulating  naniral 
diamond  crystal  using  0.4  %  CH4  and  1  %  CX)  in  Hj  rf  plasma.  The  film  was  also  dope 
with  BzHj  during  growth. 

Metal  contacts  on  control  samples  without  an  Si02  interfacial  layer  were  fabricate 
in  the  following  way.  After  deposition  the  diamond  films  were  cleane  using  the  RCA 
cleaning  proceure  (11).  Approximately  2000  A  of  aluminum  was  then  electron-beam 
evaporate  direey  onto  0.002  ppm  (BzHg  ratio)  polycry  stalline  diamond  sample  to  form  a 
metal-semiconductor  contact.  I^r  the  homoepitaxial  diamond  sample  a  chemical  treatment 
in  hot  003  +  H2SO4  solution  (to  remove  any  non-sp^  component  in  the  diamond  film) 
was  also  include  and  a  gold  metallization  employe.  An  important  point  to  note  in  the  gold 
metallization  proceure  is  that  the  electron-beam  evaporation  was  a  two  step  process.  The 
deposition  rate  was  lA/s  for  the  first  100  A  of  gold  and  then  5  A/s  for  the  rest  of  the  ~ 
2OOOA  film.  This  proceure  maricedly  improve  the  ehesion  of  gold.  Active  diode  areas, 
100  pm  in  diameter  separate  from  the  field  region  by  a  ICO  pm  annular  ring,  were 
delineate  by  photolithography  followe  by  Au  or  A1  etching  as  the  case  may  be.  Fbr  the 
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■photoHlKographyipwessa  rhask;pancm,propqse4^  et=al.{r2)'was  The 

‘'irifinitelyUaige  area  otthcifield«gibn  ensured  ain  ad^uare'qu^^hmc  contact  with  the. 
required'cuirent  hfidling  capabili^.’parncutoly’m  the  c^  of  the  hpiiwepimial  filtd'that 
wVSeposU^  bn  an' instating  n'atural'di&wn'd  crystal' 

metal  contact  diodcs.^wereldw  fabncated  bn  a  p.(W2  ppra.CBiHs ratio) 
polyciyswiline  di^tid'sffiiple/^hich^was'depostf^.at  the  sanoe^time  as  the'conM^ 
sample/On  this  fea  VmpIe  -  20  A  thick  film  of  Si02  was  depqsiti^  by  a  remote  plasma- 
enhanced,  CVD  techhique;(13);;Subsequently;' tMs  test  sample  inet^ized  wifii  ~  2000, 
A  Ah  .Acdve.dibde  areaS;Sitnilar  to  those  oh  the.bot'trql  sample-.were  delineated  by 
photolithography  followed  by  ^  etching.  For, the  homoepitwal'fil^  followihg'electrictd 
mea'surenierits  bn  the  Au  contacts  fabricated  on  Uie  control  sampIeXi.e.  without  the  Si02 
ihrerfacial  film)',  the  me^  was  etch^.iii.aqua  repa  (SHQ  and  IHNC^).  This  test  sample 
i  WM  then  desmed  emplb;^hg  the  RCA  cleaiMg  pnxredure  and  a  ,-.20  A  thick’  film  of  Si02 
Was  PejMsit^.  Approximately.  20po!A  Au  was  subsequently, electron-be^  evaporated 
bhtd  the'test'sampie.  Active  diode  are«  weie.;defin'ed  by  photolithography  and  Au  etching. 
.Crbss-jecriohal  diagrams  of  the  contact  structurebn'the  dian^  films,  (a)  without,  and  (b) 
-with.the  'the  SiOifilm-arc.shbwh  in'Fig;,  l..The-co'ntrol  and  test  samples  were  then 
Electrically  chara'ctenzed  using  a  HP  4145  B  senuMnductbr.paiameter  analyzer  equipped 
with  a  probe  station  for  high  temperature  tneasurcnients. 

Heat' treated  diamond. films 

The  polycrysudline'films  were  annealed  at  a  temperature  of  950°C  for  30  min,  in 
order  to  thinimize  the 'effect  of  defects  and/or.  hydrogen  on  the  electrical  characteristics  of 
metd  contacts  oh  these  films.  Aliitiunum  metal  contacts  were  then  fabricated  on  the 
annealed  films  both  with  and  without  an  Si02  interfacial  layer,  following  the  procedure 
described  in  the  previous  section.  Current-Voltage  (I-V)  tneasurements  were  then 
performed  on  these  metal-semiconductor  contacts;  For  the  contacts  fabricated  on  annealed 
0,05  ppm  (B2H^  ratio)  satnples  with  an  Si02  interfacial  layer,  1-V  measurements  were 
conducted  froth  room-teraperamre  upto  -  250  ®C,  at  increments  of  -  50  ®C. 


RESULTS  AND  DISCUSSION 
As-deposited' diamond  films 

Scanning  electron  microscopy  of  the  B-doped  diamond  films  investigated  here 
showed  clear  (111)  facets  and  five-fold  multiply  twinned  particles.  Scanning  electron 
microscopy  also  indicated  that  the  polycrystalline  diamond  films  grown  with  O2  (lower 
BjHs  ratio)  had  a  quality  superior  to  those  grown  without  O2  (higher  B2H5  ratio).  The 
crys^  quality  was  investigated  using  laser  Raman  spectroscopy.  The  Raman  peak  position 
characteristic  of  diamond  was  locat^  near  1333  cm'l.  A  relatively  small  sp^  peak  at  1500 
cm'^  was  also  observed  in  the  Raman  spectrum  of  the  diamond  films.  A  SIMS  analysis  of 
die  as-deposited  0.05  ppm  (B2H(  ratio)  diamond  film  showed  an  atomic  B  concentration  of 
-  l.Ox  10**cm-A 

Current-voltage  characteristics  of  A1  contacts  to  as-deposited  polycrystalline  sample 
(0.002  ppm  dibrxane  concentration)  are  shown  in  Figs.  2  (a)  and  (b).  Directly  deposited  A1 
contacts  0^g.  2  (a))  on  this  sample  without  the  interfacial  Si02  film  showed  near-ohntic  I- 


■V:ch^acteristics.:The,  subsequent,  intt'qductiph'bf  the  ‘Sip2<fll,m^prqvided  rectifying 
Icii^cteris'tics  as  sii6wn;in'Fig(2  (b)!  DJmtiy  de^sit^fAu'TO^  the'  aS'deposited. 
;hbmbepitaxi^'fil_m’^»,exhibite<i  hear-^mic  I^y  ch^'cfeHsticsjas  shown  in  Fig.  3  (a)i 
WitK'Ae'int^iictwn'pf  tlw  thm  SiOiTilm  gc^ree^i^on  is  obtain^  as  shpvra.inHg.  S 
,(b).^»ln'the  presence  of  lhe‘,Si(^film3pwle^  ^af5>'^  inthe'reveise 

diiectibri  Iwere  pb«ryeduftbothftheTpblycrysalline:  and.  the  :hqm6epitaxial  filnL  A 
’.breakdown  y6ltage'  of.~7  Y'wfi  observed:  for.both  as-dcpqsited  ^lyc^staUine  and  the 
hbl^piiawal  film'  ,  '  '  .  -  •  "  ‘ 

Heat'treatedidiamond;RltM:- 

'Cumnt-votuge  characteristics  on'M  contacts  fabricated  bn  annealed  Ritas  with  the 
'  lbwef.B2H6  ratios, "showed'a  dr«tic  reductibn  iiicurient  in  toth  the  fprivard'ahd  reveire 
dirKtibns:  Since  the  ina^itude  of  the  ciurent  was  apprpxiinately  the  kme  in  all  the  films 
(0.002;’0.0p5,‘0.pp8‘and0.01  ppm  82^  ratio),  a  representatiye  plot  fibm.the  0.01  ppm 
■saniple  is'sHown-in  Fig.  4._'TO's  reductibn  in  current  conduction  on  annealing  is  in 
conro'irhity  with  bbseryatibns  repotted  by^tindsuW  et  al.  (14, 15),  Albin  et  al.  (16)  and 
Muto'et'ali  (17).\Hydrogeh  dissociation  and/w  defect  annihilation  cpiild  account  for  the 
incibt^  resistivity  in  these  Mnetded  diatnbnd  films. 

Directly  deposited  Al  contacts  on  annealed,  0.05  ppm  (B2H4  ratio)  polycrystalline 
sample  without  the  intetfacial  SiC)2  film  exhibited  I-V  characteristic,  as  shown  in  Rg.  5  (a). 
The  subsequent  intrpduction  of  the  Si02  film  provided  rectifying  characteristics  as  shown 
in  Fig.  5  (b).  A  breakdown  voltage  of  ~  6  V  was  observed  for  this  filin.  A  background 
,  doping  eoncentratibh  of  r  5.3  x  10*?  cm-?  in  this  ^  was  obtdned  using  an  approximate 
'universal'  expression  for  the.bteakdown  voltaige  given  by  (18): 

Vb  =  60(Eg/l.l)3^B/10«) 

where,  Vb  is  the  breakdown  voltage  for  a  plane-parallel  junction.  Eg,  the  band-gap  of  the 
material;  and  Nb  the  doping  concentration.  A  band  gap  of '5.45  eV  for  diamond  and  the 
experimentally  observed  breakdown  voltage  of  6  V  was  used  in  the  above  calculation. 
Assuming  that  the  active  B  concentration  in  this  high  B  concentration  film  is  not  very 
differe.nt  from  the  atomic  B  concentration  (-1.0  x  10**  cm'^)  as  determined  from  SIMS 
anriysis,  the  calculated  value  of  the  background  doping  concentration  seems  to  agree  within 
an  order  of  magnitude  with  the  SIMS  results.  It  should  be  noted  that  for  high 
concentrations  of  B  of  the  order  of  10**  •  ICpO  cm-^  in  diamond,  a  complete  activation  of 
the  impurity  has  been  reported  (19).  However,  it  has  not  been  established  whether  a  amilar 
effect  can  be  expected  at  a  B  concentration  of  1.0  x  10'*  cm-*.  It  should  also  be  pointed  out 
that  a  plane-parallel  junction  approximation  will  provide  an  underestimation  of  the 
breakdown  voltage  as  edge  effects  are  expected  to  produce  a  significant  lowering  of  the 
breakdown  voltage  for  a  given  doping  concentration.  An  estimation  of  doping 
concentration  tom  the  observed  breakdown  voltage  of  the  structure  used  here,  therefore, 
will  provide  an  ovwestimation  of  the  doping  concentraticn.  Moreover,  since  the  dielectric 
strength  of  Si02  is  10*  V/cm  (Appendix  I  of  reference  (1 8))  the  breakdown  voltage  of  -  20 
A  Si02  film  is  -  2  V.  This  indicates  that  the  experimentally  observed  breakdown  voltage  of 
this  film  (-  6  V)  is  likely  to  be  the  breakdown  voltage  of  the  diamond  film  and  not  that  of 
the  ^electric.  The  I-V  characteristics  of  tWs  anneal^  diamond  film  (0.05  ppm  B2HJ  ratio) 
with  interfacial  Si02  measured  at  temperamres  ranging  from  room  temperanire  (RT)  to  248 
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?C  in  ®G.iricrenients,  are  shown  in  Fig.  6i- It  is  Aat  as  thet«h^ture  Is  increased 

the‘reverec4e^agVcuireht<vingrwM/and.the;revers%br^d6w^^ 

Neveitheiwsi  a  faiiiy  goM  ratification  bcHmor  can  l>e  otirerved  upio\  l6o  “C. ' 


Conclusions: 

It  has  been  demonstrated  that  the'introducdoo  of  a  thin  SiOi  film  at  the  interface 


contact,  that  is  not  otherwise  pdsrfble  ior  ^e  fuins'smdied  here.  TWs’  improvement  in 
characterisdes  is  probably  diie. to  a'modificadon  in' the  barrier  height  ^  field  distribudon 
and/or  to  passivation  of  the=surfaice‘;iFuhhcr.,w6rk  in  this" area  is  in  progress  to  fully 
understand  the  reason  for  such  behavior. 
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Hgure  I:  Cross-secnoal(Sagran]ofccmt2ctstrDCtuic  on  diamond  flim, 
(a)  mibout  dielectric  layer  and  0>)  with  dielectric  layer. 


Voltage  (V) 


Figure  2:  Current-voltage  characteristics  of  A1  contacts  on  polyctystalline  diamond 
film  (0.002  ppm),  (a)  direct  metalizadon  and  (b)  with  interfacial  SiOj. 
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Hguie  3:  Cmrent-voluge  chsractoisdcs  of  Au  contacts  on  bomoqntaxial 
diamond  film,  (a)  duect  meiaiizadon  and  0>)  with  intofacial  SiC^ . 
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Eguie  4.  Cuirent-voliage  characteristic  of  A1  contacts  on  annealed  diamond  film  (0.01  ppm). 
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Voltage  (V) 

Figure  6:  Current-voltage  chancteristic  of  A1  contacts  on  annealed  diamond  film  (0.05  ppm) 
with  interfacial  SiO,  at  (a)  RT.  (b)  50'C,  (c)  99'C.  (d)  l-JQ^C,  (c)  WS'C,  and  (f)  248^C 
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ABSTRACT 

The  use  of  boron  and  lithium  as  dopant  impurities  in  diamond  has  been 
investigated  using  diborane  and  lithium  fluoride  as  in  situ  dopant 
sources.  The  lithium  was  investigated  as  a  p^ible  n-type  dopant.  The 
diamond  material,  grown  by  rl  plasma  discharge  at  low  pressure,  was 
characterized  electrically  and  mierostructurally.  The  boron  was  found  to 
be  p-type,  as  expected,  with  an  activation  energy  of  0.24  eV.  The  lithium 
doped  material  was  also  found  to  be  p*type  with  a  similar  activation 
energy.  SIMS  data  indicates  that  the  lithium  doped  samples  also  contain 
significant  concentrations  of  boron,  enough  to  account  for  the  electrically 
active  species.  However  the  mobility  of  the  carriers  in  the  lilbium/boron 
doped  material  seem  to  be  somewhat  higher.  Scbottky  barrier  diodes 
were  formed  on  the  litbium/boron  doped  material  which  showed  good 
rectifying  behavior.  The  minority  carrier  diffusion  length  in  the  material 
was  estimated  from  EBIC  measurements  to  be  —  05  pm.  The  lithium 
appears  to  be  electrically  inactive  in  this  material,  although  it  may 
improve  the  electrical  characteristics  of  the  material.  IGF^  devices 
were  fabricated  in  the  boron  doped  and  lithium  boron  doped  materials 
using  a  selective  deposition  fabrication  scheme.  The  boron  doped  dev¬ 
ice  exhibited  a  transconductance  of38pS/mm. 


Introduction 

The  extremely  selective  nature  of  the  plasma  activated  diamond  deposition 
processes  provides  a  very  useful  and  flexible  vehicle  for  device  fabrication  sequences. 
Other  workers  have  already  reported  diamond  insulated  gate  field  effect  transistor 
(IGFET)  fabrication  using  selective  diamond  deposition  with  a  sputtered  quartz  insula¬ 
tor  |lj.  The  doping  of  active  layers  for  diamond  devices  is  a  crucial  topic  and  is 
currently  under  study  by  several  groups  |2,3,4).  Boron  has  been  established  as  a  p-type 
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dopant  for  diainoad^  Boron  doping  has  been  ucomptisbed  using  solid  boron  etched  in 
situ  and  using  diborane  as  a  gaseous  source.  Ahbonga  there  bare  been  specific  reports 
-  of  the  formation  <d'~o-type  diamond  (5],  tbs-b  stiil-an  area  that  requires  further 
developmebt.  Li  has  been  propo^d  as  a  potential  n-tjpe  dopant  for  diamond  based  on 
'  theoretical  modeIlicg'[6].  We  have  undertalcen  a  pre'.iminary  study  to  investigate  the 
.suitability  of  using  LiF  lis  a  solid  source  to, dope  diainend  growing  in  a  plasma-enhanced 
chemical  vapor  deposition  (PECVD)  environment.  In  thb  paper,  we  report  fabrication 
o!  a  diamond  IGFET  structure  using  selective  diamond  deposition  with  boron  and 
lithium  doping  in  conjunction  with  a  remote  plasma  enhanced  chemical  vapor  deposi- 
'  tion  (RPECVD)  of  a  SiOj  insulating  dielectric  layer. 

Doping  Studies 

The  system  used  for  the  growth  of  homoepitaxial  diamond  consbts  of  a  13.5S  MHz 
indactivcly-coupled  PECVD  system.  A  gas  mbture  ci  98.5%  Hj,  1.0%  CO  and  0.5% 
CHj  flowed  through  a  62.5  mm  quartz  tube  at  a  rate  cf  30  seem  at  5.0  To:r.  The  sam¬ 
ple  b  positioned  near  the  rf  coil  on  a  graphite  suscepicr  and  b  held  at  ~  800'C  during 
growth.  Type  la  and  ila  natural  (100)  diamond  crystab  were  used  in  these  studies. 
Boron  and  lithium  were  investigated  as  in  situ  dopants. 

Boron  doping  was  accomplbhed  by  introducing  diborane  diluted  in  into  the 
reactor  during  diamond  deposition.  The  diborane  source  was  diluted  in  hydrogen  to 
1000  ppm.  The  diborane  was  leaked  into  the  chamber  with  a  flow  rate  of  less  than  0  5 
seem.  Calculations  bases  on  the  partial  pressure  of  diborane  indicate  that  the  incor¬ 
poration  efficiency  b  on  the  order  of  unity. 


Lithium  doping  was  accomplished  via  introduction  of  a  solid  source  of  LiF  on  the 
graphite  susceptor  during  the  deposition,  or  via  introduction  of  the  solid  source  to 
"dose”  the  reactor  prior  to  loading  the  substrate  fer  diamond  growth.  It  was  found 
that  under  diamond  growth  conditions,  the  LiF  b  dissolved  by  the  atomic  hydrogen  in 
the  reactor.  Lithium  emissions  were  observed  in  the  reactor  once  the  sources  began  to 
volatilize.  Diamond  deposition,  with  a  Li  source  present  in  the  reactor,  resulted  in  high 
incorporation  of  Li  into  the  samples  (>  10®  cm*’)  Consequently,  growths  were  per¬ 
formed  with  no  source  of  Li  in  the  reactor  other  than  the  Li  residing  on  the  chamber 
fixtures  following  “reactor  dosing”.  Typically,  a  solid  source  would  be  introduced  into 
the  reactor,  a  dbebarge  initiated,  whereby  emissions  of  Li  were  detected,  the  solid 
source  removed,  and  the  reactor  deconditioned  by  a  hydrogen  discharge  to  reduce  the 
Li  concentration  in  the  reactor  prior  to  epitaxial  growth. 


Electrical  and  Physical  Analysis  of  Doped  Diamond  Films 

The  doped  diamond  samples  were  characterized  by  Van  der  Pauw  Hall  measure¬ 
ment  for  carrier  density  and  mobility.  The  measurement  was  carried  out  as  a  function 
of  temperature  to  attain  activation  energies  of  the  dopant  species. 
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'  The.boroD  doped  sample  were  determined  to'^be  P:lype  e  expected  with  a  carrier 
density  in  the  10”cm”*  range.  Two  Itveis^were  seen  in  the,  plot  of:catrier  d,ensity  ts. 
temperature  as  shown  in  Ffgure  l.-pae  had  a  low  activation  energy  of  0.^2  eV,  and 
the  other  had  an  activation  energy  of  0.2'1  eV.  The  origin  of  the  low  activation  energy 
levei  is  unknown'  at' this  ^int.  The  0.M  eV  level's  mote  characteristic  of  boron  activa¬ 
tion  in  diamond  [3].  Hall  mobilities  iheasured  were  on  the  order  of  45  cmVVsec.  It  is 
likely  that  the  horon  is  compen'saud  by  ^me  other  level  in  the  diamond,  possibly  a 
damage  or  crystalline  defect  related'level.  ' 

Lithium  samples  were  a1^  chuacterized  by  Hall  mer^urements.  Data  from  a 
heavily  lithium  doped  sample  s  shown  in  Figure  2.  Data  from  a  more  lightly  doped 
sample  is  shown  in  Figure  3.  Both  sample  exhibit  p-type  behavior,  which  was  unex¬ 
pected.  The  activation  energies  of  the  acceptor  levels  in'the.samples  seemed  surpris¬ 
ingly  close  to  the  level  measured  for  the  boron  doping.  The  lightly  doped  sample  did 
however  exhibit  the  higher  mobility  than  the  boron  doped  sample. 

SIMS  analysis  of  the  heavily  lithium-doped  sample  showed  both  Li  and  B  in  the 
film.  The  amount  of  Li  was  ~  lO^'cm"^;  the  amount  of  B  was  ~  10'*cm~^  The 
source  of  the  boron  is  at  this  point  undetermined;  however,  it  is  likely  to  be  a  deposi¬ 
tion  system  component.  It  is  very  probable  that  the  p-type  behavior  is  from  the  boron 
in  the  film  and  not  the  lithium.  The  lithium  does,  however,  seem  to  have  a  beneficial 
effect  on  the  electrical  properties  of  the  film. 

Au  Schottky  diode  structures  were  fabricated  on  a  heavily  lithium-doped  sample 
that  had  received  a  30  rhinute  hydrogen  plasma  treatment  (1500  watts  of  RF  power  into 
the  plasma),  at  5  Torr,  at  approximately  700*C.  These  diodes  showed  good  rectification 
behavior  with  a  turn-on  voltage  of  2.5  V  and  a  breakdown  voliage  of  6  to  8  V.  The 
reverse  leakage  current  is  on  the  order  of  12.5  pA/cm*.  Au  contacts  which  had  been 
deposited  on  material  doped  with  boron  alone  (which  bad  received  a  similar  hydrogen 
plasma  treatment)  exhibited  ohmic  behavior. 

The  Au  Schottky  contact  was  used  to  perform  electron-beam  induced  current 
(EBIC)  measurements.  EBIC  was  used  to  estimate  the  minority-carrier  diffusion 
lengths.  A  thin  Au  Schottky  contact  was  used  for  charge  collection,  aud  the  induced 
current  was  measured  as  a  function  of  distance,  in  plan-view,  from  the  contact.  For 
primary  beam  energies  from  lOkeV  -  20  keV,  the  minority-carrier  diffusion  length  was 
measured  to  be  O.Spm.  This  compares  with  measured  minority-carrier  diffusion  lengths 
of  ~  3pm  in  natural  type  lib  diamond  (B-doped)  |7j. 


Diamond  IGF&T  Fabrication  and  Testing 

Transistor  structures  were  fabricated  on  a  Type  lA  natural  diamond  (100)  sub¬ 
strate  from  Drucker-Harris.  The  diamond  substrate  was  cleaned  using  a  conventional 
RCA  wet  chemical  clean  [8].  Polysilicon  layers  as  well  as  SiOj-polysilicon  composite 
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layers  were.used  as  racking  inattrials.  During  diamond  deposition  the  top  layer  of  the 
silicon  B  carbonized  mailing  it  Irnpervious  to  the  hydrogen  cubing  enYfronment.  It  was 
found^hat.SiOj^m^Vs  were  removed^byvthe  hydrogen  environment  if  no  oxygen  was 
used  in  the  proc».  The  composite  structure  assures  that  the  carbonized  silicon  layer 
can  be  removed^from  the  wafer.  The  mask;  was  patterned  using  standard  lithographic 
techniques  and  wet  etching  tb  opeii  holes  for  deposition  of  the  conducting  p-type  dia¬ 
mond  areas.  Folloviing  diamond  deposition,  the  silicon  mask  was  etch  removed.  The 
sample  was  then  coated  with'  a  250  A  RPECVD  SiO.  gate  dielectric.  This  process  has 
been  used  to  deposit  low  temperature,  gate-quality  dielectrics  on  Si  and  other  semicon¬ 
ductors' |9, 10]-  Titanium  gate  electrodes  were  formed  usingi.lifioff.  Source-drmn'Con- 
tact  opening  were  patterned  and  openings  etched  in  the  oxide.using  buffer  HF  solution. 
Titanium  contacts  were  formed  using  liftoff.  The  contacts  were  ohmic  as  deposited. 
The  gate  length  and  width  of  the  transistors  was  8;im  and  SOpm,  respectively. 

types  of  vrorking  IGFCT  structures  were  fabricated,  one  using  boron  doping 
alone  and  one  using  the  lithium  doping.  In  both  cases  a  major  limitation  on  the  device 
fabrication  process  was  control  of  the  dopant  concentration. 

The  boron  doped  diamond  IGFET  source  drain  I-V  characteristics  are  shown  in 
Figure  4.  The  device  showed  transistor  action  characteristic  of  a  p-channel,  depletion 
mode  device.  The  device  cannot  be  pinched  off  with  the  available  gate  voltage.  The 
leakage  current  is  most  likely  due  to  defects  in  the  material  or  surface  leakage.  The 
maximum  transconductance  of  the  device  is  38  pS/mir.  at  8  V  drain  to  source.  The 
traiisconductance  of  the  device  is  slightly  larger  for  the  1  to  2  V  gate  step  than  for  the  0 
to  1  V  gate  step.  This  increase  in  transconductance  with  increasing  depiction  is  indica¬ 
tive  of  a  relatively  high  density  of  surface  states  at  or  near  the  diamond/SiOj  interface. 
The  geometry  of  the  FET  is  such  that  the  source  to  gate  resistance  is  on  the  order  of 
2  X  10^  fi.  This  resistance  would  decrease  the  transconductance  of  the  device  by  a  fac¬ 
tor  of  about  2. 

The  diamond  material  used  for  the  transistor  channel  had  a  resistivity  of  12  Il-cm. 
The  specific  contact  resistance  of  the  titanium  contacts  on  this  material  were  measured 
using  a  transrnission  line  model  test  structure.  The  specific  contact  resistance  is  0.09 
fl-cm*.  Titanium  contacts  were  also  fabricated  on  heavily  boron  doped  material  with  a 
resistivity  of  0.08  fl-cm.  These  contacts  exhibited  a  specific  contact  resistance  of 
1.4  X  10'*  fl— cm*.  Such  layers  could  be  used  for  contact  layers  to  reduce  parasitic 
resistances  in  the  source  and  drain  using  an'  additional  selective  diamond  deposition 
step. 

The  lithium/boron  doped  diamond  IGFET  source  drain  1-V  characteristics  are 
shown  in  Figure  5.  This  device  exhibited  much  better  saturation  behavior  than  the 
boron  doped  device.  This  device  has  a  more  lightly  doped  channel  than  the  boron 
doped  device  as  evidenced  by  the  lower  saturation  current.  This  device  showed  both 
depletion  and  enhancement  behavior.  However  it  is  not  clear  whether  this  enhanced 
current  is  due  to  accumulation  of  a  conducting  layer  at  the  surface  or  just  un-depleting 
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of  the  channel.  It  is  likely  that,  since  the  doping  level  is  approximately  2  orders  of  mag¬ 
nitude'  lower  in  this  device  than  the  first  device,  the  channel  is  nearly  fully  depleted  at 
0.6  V  gate  bias.  The  device  has  a  substantial  leakage  current.  Comparison  of  this 
leakage  current  level  with  the  leakage-between  isolated  devices  indicated  that  the 
current  is  principally  substrate  current; 


Conclusions  ^ 

In  situ  boron  and  lithium  doping  of  diamond  has  been  carried  out  using  a  diborane 
gas  source  and  a  lithium  fluoride  solid  source  in  a  low  pressure  rf  diamond  deposition 
process.  The  boron  was  found  to  be  p-lype  with  an  activation  energy  of  0.24  eV.  The 
iithiuih'  was  judged  to  be  electrically  inactive  in  the  material  evaluated  here.  The 
activation  energy  of  the  conductivity  along  with  SIMS  data  on  impurity  levels  indicated 
that  the  conduction  is  probably  due  to  unintentionally  incorporated  boron  in  the  film. 
The  lithium  appeared  to  have  some  beneficial  effects  on  the  electrical  properties  of  the 
the  doped  diamond  films.  This  effect  requires  further  study.  Working  IGFET  devices 
were  fabricated  using  the  boron  doped  material  and  the  lithium/unintentional  boron 
doped  material.  A  maximum  tr'>?sconductance  of  38  pS/mm  was  measured  for  the 
boron  doped  device.  Improvements  in  device  performance  could  be  achieved  through 
reducing  the  source  drain  parasitic  resistances  and  by  improving  the  diamond/SiOj 
interfacial  characteristics. 
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Carrier  concentration  vs  reciprocal  temperature  for  a 
boron-doped  homoepitaxial  film.  The  material  is  p-type 
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Figure  2  Carrier  concentration  vs.  reciprocal  temperature  for  a  heavily  Li 
doped  homoepitaxial  film.  The  material  is  p-type,  probably  due 
to  boron  contamination.  Hall  mobilities  are  listed. 
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